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ABSTRACT 
One consequence of dramatic stony-coral loss has been recognition that gorgonian 
octocorals (Anthozoa: Octocorallia) have emerged among the dominant reef fauna. However, 
gorgonians are notoriously difficult to field-identify and consequently have been 
underrepresented in most monitoring efforts resulting in a lack of long-term data. The rich 
diversity of habitats, close proximity to the urban center of Miami, and connectivity to other 
areas of Florida have made Biscayne National Park an active location for reef research since its 
establishment in 1968.  As such, a plethora of data (e.g., museum specimen and species 
abundance data) has been collected and stored in archives over time. This dissertation examines 
strategies to document and quantify changes in gorgonian assemblages using both archival and 
newly-collected data sources, and proposes methods that can be applied more widely to 
document the responses of gorgonians to ongoing environmental changes associated with both 
local and global processes.  
To begin, I compiled widely scattered taxonomical, biological, and ecological research on 
shallow-water symbiotic gorgonians in the wider-Caribbean to identify data gaps and provide a 
comprehensive resource document to inform and promote future work. Then I used multivariate 
techniques to compare an archived octocoral assemblage dataset collected annually from 1977–
81 in Biscayne National Park (BNP), with data collected at the same sites in 2016. The data 
revealed an overall decline in abundance of gorgonians since the 1970s, with a substantial 
increase in the relative abundance of stress-tolerant species such as Antillogorgia spp. Long-term 
 xii 
 
comparative studies such as this are essential to understanding shifts in community structure and 
to provide a permanent record by which future change, can be assessed and managed. 
Because field identification is time-consuming and often requires microscopic 
verification by taxonomic experts, I developed a method to identify gorgonians to genus level 
using high-resolution orthomosaic imagery, based on morphologic characters that are visible in 
images taken from a top-down perspective. This first attempt at developing criteria for 
macroscopically identifying gorgonians from landscape images yielded classification success of 
92% for an observer familiar with gorgonian taxonomy and 88% for a novice observer. With 
refinement, this method has the potential to encourage more detailed evaluation of gorgonians in 
monitoring programs and to provide opportunities for filling research gaps using retrospective 
studies of archived photographic data.   
Accurate classifications are heavily reliant on image quality; however, underwater 
images often exhibit a range of degradations caused by absorption and scattering of light. Image 
enhancements are a practical solution to counteract these degradations and provide added 
flexibility for acquisition. Therefore, in addition to classification methods I also evaluated the 
performance of nine accessible and automated image-enhancement techniques for use in 
shallow-water benthic surveys, as well as explored the effect of enhancement on orthomosaic 
alignment.  The top performing enhancement techniques for shallow water to be Contrast 
Limited Adaptive Histogram Equalization on each color channel (CLAHE RGB) and three user-
friendly Adobe® Photoshop® automated techniques. 
More recently, gorgonians are being used in stable-isotopic studies as proxies for 
detecting anthropogenic nutrient inputs from heavily urbanized locations and offer a potential 
solution for filling data gaps. Using museum and freshly-collected specimens of three abundant 
 xiii 
 
gorgonian species, Antillogorgia acerosa, Eunicea flexuosa, and Pterogorgia anceps, I examined 
species, temporal, and spatial variations in δ15N and δ13C values from two sites in BNP: a north-
central site at the mouth of Biscayne Bay and a south central site on the outer reef. Significant 
differences in δ15N were detected between sites, but not between species or years, while δ13C 
values were significantly different between species, sites, and years.  
In summary, gorgonians are essential components of shallow-water coral reefs and other 
hard-bottom communities around the western Atlantic, Caribbean and Gulf of Mexico, yet have 
been under-represented in most monitoring efforts. This dissertation summarizes historical data 
and provides recommendations on strategies to more fully utilize previously collected samples 
and data, which then can be compared with results from recent or proposed field-sampling 
efforts. The results can provide resource management with more comprehensive information on 
long-term changes in these essential habitats.  
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1 INTRODUCTION 
Gorgonians are an abundant and integral part of coral-reef communities in the western 
Atlantic and Caribbean (Bayer 1961; Kinzie 1973). They exhibit a wide-array of life-history 
characteristics that have led to their success across a range of environmental conditions. Despite 
their prominence on reefs, species are notoriously difficult to identify in the field and, as such, 
have been underrepresented in long-term monitoring efforts. However, with reports of increased 
abundances and shifts on many reefs to an “octocoral-dominated” state, there is a growing 
interest in gorgonian research (Ruzicka et al. 2013; Lenz et al. 2015).  
Gorgonians provide canopy cover and food for a variety of organisms including several 
commercially important species (Gratwicke et al. 2006; Etnoyer et al. 2010). Since the late 
1950s, many gorgonians have been studied and harvested as an important source of marine 
pharmacological compounds with anti-inflammatory, antifungal, antibacterial, and antitumor 
effects (Burkholder and Burkholder 1958; Ciereszko  et al. 1960; Sammarco and Coll 1988; 
Mayer et al. 2013). More recently, they have also been identified as good indicators of sewage 
stress, through stable isotopic analysis of axis and tissue (Ward-Paige et al. 2005; Risk et al. 
2009). 
This dissertation documents and quantifies change in gorgonian assemblages using 
archival data sources and proposes methods that can be applied more widely to documenting the 
responses of these assemblages to ongoing environmental change associated with both local and 
global processes. 
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1.1 The Florida Reef Tract 
The Florida Reef Tract (FRT) extends 595 km from north Martin County to Dry Tortugas 
and can be subdivided into the 1) Southeast Florida Reef Tract (SEFRT) and 2) Florida Keys 
Reef Tract (FKRT) (Fig. 1.1) (Walker and Gilliam 2013).  The SEFRT is the northernmost 
section (215 km) from Fowey Rocks to St. Lucie Inlet. The FKRT extends 380 km from Fowey 
Rocks to Dry Tortugas and is typically divided into five subregions: Biscayne National Park 
(BNP), Upper Keys, Middle Keys, Lower Keys, and the Marquesas and Dry Tortugas (Fig.1.1). 
This subtropical reef ecosystem consists of an extensive chain of nearshore hard-bottoms, patch 
reefs, transitional reefs, and bank reefs (Jaap 1984; Jaap and Hallock 1990; Jaap et al. 2008). 
Recreational diving, fishing, boating, and viewing activities along the FRT have been reported to 
generate over $8 billion dollars annually (Gorstein et al. 2016).   
 
Figure 1.1.  Map of Florida Reef Tract with major features and divisions. 
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1.2 Biscayne National Park 
Biscayne National Park (BNP) encompasses approximately 200 square nautical miles 
(700 km2) and is roughly centered at the northern end of the Florida Keys Reef Tract and the 
southern end of the Southeast Florida Reef Tract adjacent to Miami (Fig. 1.1). BNP has the most 
numerous reefs (>3600 patch reefs) of all regions of the Florida Keys (Ginsburg et al. 2001; 
Lirman and Fong 2007). Its close proximity to highly developed areas (i.e., Miami-Dade county), 
a variety of reef habitats, and connectivity to other areas of the Florida Reef Tract through a 
dynamic current system, establish BNP as an ideal study area for analyzing reef communities in 
relation to environmental influences (Lee et al. 1992).   
The park contains a rich diversity of highly interconnected marine benthic communities 
(i.e., mangrove shoreline, rocky hardbottoms, seagrasses, and coral reefs), and can be divided 
into three main areas: 1) the inner shelf (bay area), 2) inner-shelf margin (from the keys to Hawk 
Channel), and 3) the outer-shelf margin (outer reef area) (Fig. 1.2) (Voss et al. 1969; Enos 1977). 
Many of the variations in benthic communities are reflective of the water exchange patterns 
between the Bay and the Atlantic Ocean (Voss et al. 1969; Chiappone 1996).   
The semi-enclosed shallow waters of Biscayne Bay are those closest to Miami, FL, and 
those most susceptible to land-based stressors and variations in water quality (Lirman et al. 
2003). Exchange of these waters with the inner shelf margin occurs at several passes and inlets 
between islands (e.g., Safety Valve, Caesar’s Creek, Lewis Cut, Old Rhodes Channel) (Voss et 
al. 1969). Benthic communities are characterized by a mixture of sand, seagrass, octocoral and 
algal-dominated hardbottoms with sparse stony-coral assemblages. Brooding species (e.g., 
Pterogorgia spp., Porites spp. and Siderastrea spp.), with opportunistic life-history strategies 
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thought to enable them to tolerate fluctuating conditions, are typically found in bay waters 
(Lirman et al. 2003).   
Eastward of the islands lies the inner-shelf margin, a transitional area between shore and 
the outer reefs, where nearly 4000 patch reefs of Holocene (Brock et al. 2008) origin occur (Enos 
1977; Lirman and Fong 2007). A few patch reefs exist nearshore (<2 km); however, most are in 
shallow waters between 4–7 km from shore (Marszalek et al. 1977; Lirman and Fong 2007). 
Patch-reef distribution tends to be heavily influenced by tidal exchange and cross-shelf gradients. 
Temperature and water quality are more variable on the patch reefs than the outer reefs (Jones 
1963). Furthermore, lagoonal patch reefs vary greatly in size, shape, and topographic 
complexity. Dome-shaped, roughly circular, patch reefs are mostly located in protected areas 
between the islands and outer bank reefs. A mixture of massive hermatypic corals, octocorals, 
sponges and macroalgae characterize these dome-shaped patch reefs (Marszalek et al. 1977; Jaap 
1984). Linear patch reefs with some spur and groove development have formed at the southern 
end of the park where there is a break in the outer reef line and the reefs are more exposed to 
wave energy (Marszalek et al. 1977). Rapidly growing branching or finger-like corals 
historically characterized these reefs (Jaap 1984). 
The outer-shelf margin is comprised mostly of a series of low-relief relict bank reefs on 
Key Largo limestone of Pleistocene origin (Hoffmeister and Multer 1968; Lidz and Shinn 1991; 
Lidz et al. 2008). The Florida current is the major influence on the outer reefs. Its warm waters 
meander closest to shore near Biscayne (~15 km), which helps to regulate temperatures year 
round and aids in growth and maintenance of reefs (Jaap 1984; Jaap et al. 2008). Outer reefs also 
seem to be less affected by seasonal conditions than patch reefs due to the Florida Current (Jaap 
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1984). Annual temperature ranges have been recorded up to  10ᵒC for inner reefs and <5ᵒC for 
outer reefs (Jones 1963). 
 
Figure 1.2.  Submarine topographic profile of the south Florida shelf with three subdivisions: 1) 
inner shelf, 2) inner shelf margin, and 3) outer shelf margin (modified from Enos 1977).  
 
1.3 Impacts to Florida reefs 
1.3.1 Natural disturbances 
During the time-period from 1976–2017, natural episodic events such as cold-water 
events (Burns 1985, Lirman et al. 2011), black-water events, bleaching events, disease outbreaks, 
and hurricanes have been documented as mechanisms impacting species composition and 
distribution on Florida reefs (Davis 1982; Jaap 1984; Ruzicka et al. 2013). Figure 1.3 highlights 
some of the notable disturbances that have impacted Florida reefs since the late 1970s.  
In late January 1977, an extreme cold front passed through south Florida; water 
temperatures of 14–16oC were recorded in Dry Tortugas, followed by a mass die off of staghorn 
corals  (Davis 1982; Porter et al. 1982). Another cold-water event occurred in January 2010 
(Colella et al. 2012). The semi-restricted nature of the inner shelf margin area and tidal pumping 
of cold waters from the bays made patch reefs highly vulnerable to these extreme events. After 
the 2010 event, stony coral percent cover was reduced by nearly half on upper Keys patch reefs 
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(Colella et al. 2012). Although several warm-water mass bleaching events have occurred since 
the late 1970s (Lang et al. 1992), the most severe warm-water event on record occurred in 
conjunction with the 1997/1998 El Nino Southern Oscillation (ENSO) (Fig. 1.3) (Ruzicka et al. 
2013). This event triggered a global mass-bleaching event that caused significant declines in 
stony coral cover world-wide. In the Florida Keys the outer reefs were the most severely 
impacted between 1999–2009.  Percent stony-coral cover declined from >30% to ~10% on deep 
fore-reef sites, and from 13% to ~5% on shallow fore-reef sites.  Coral cover on patch reefs 
remained relatively constant from 1999–2009 (Ruzicka et al. 2013).     
The most notable disturbance in the 1980s was the mass die-off of the ecologically 
important sea urchin Diadema antillarium between 1983 and 1984 (Fig. 1.3) (Lessios et al. 
1984). These sea urchins are dominant herbivores that feed on algae and spend much of their 
time scraping and clearing substrata; therefore, the die-off led to an increase in fleshy 
macroalgae on the reefs. The macroalgal cover left little to no room for coral recruits to settle 
(Mumby et al. 2006). This is one example of a stony coral to macroalgal phase-shift.   
An unusual black-water event occurred in parts of South Florida in 2002 (Fig. 1.3). Prior 
to the event, percent coral cover of benthic taxa was reported as relatively stable on two patch 
reefs near Key West 1999–2002. After the event, severe mortality of corals, octocorals, and 
sponges was reported. Although the exact cause of the black-water are still unknown, scientists 
believe a combination of groundwater, and blooms of diatoms may have been contributing 
factors to this event (Hu et al. 2003; Zhao et al. 2013). 
Numerous hurricanes and tropical storms have impacted the Florida Reef Tract from 
1976–2017.  Hurricane Andrew passed through in 1992. Hurricane Georges passed during the 
1998 ENSO. Then in 2005 a record number of hurricanes of category three or higher crossed the 
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Florida Reef Tract. Most recently, in 2017 Hurricane Irma passed through the Florida Keys. The 
amount of mortality caused by a hurricane typically varies with depth. Scouring, detachment, 
breaking, and overturning of scleractinians and octocorals followed by death are common during 
severe storms (Ball et al. 1967; Jaap 1984).   
Figure 1.3. Decadal-scale timeline highlighting milestones and major disturbance events 
impacting Florida reefs (http://floridakeys.noaa.gov/about/timeline.html).   
 
Following storms, the rate of recovery varies depending on the amount of damage. A 30-
year study was conducted on stony corals in Australia to observe how they were impacted and 
recovered from disturbances (Connell et al. 1997). Where corals were broken but the substratum 
was not directly changed, the time for recovery was approximately 10 years. Areas where the 
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substratum was significantly altered by the disturbances, the time for recovery was nearly 20 
years (Connell et al. 1997). When hurricanes are more frequent, reefs are in a constant state of 
recovery. 
1.3.2 Anthropogenic disturbances 
 Increased impacts from climate change and other anthropogenic stressors have driven 
shifts in community structure on reefs (Precht and Miller 2007; Colella et al. 2012; Inoue et al. 
2013).  More than six million people currently reside in south Florida (i.e., Miami-Dade, 
Broward, Monroe, and Palm Beach Counties), with millions more visiting each year and these 
numbers continue to climb (Harwell et al. 1996; Gorstein et al. 2016). High population densities 
and tourism have added additional pressures to coastal resources by increasing sedimentation, 
nutrient pollution, vessel groundings, invasive species,  and overfishing (Hallock 2001; Szmant, 
2002).   
 Increased run-off and pollutants from coastal development can cause severe impacts to 
nearshore communities, especially those of the inner-shelf and inner shelf margins (Fig. 1.2). 
Water quality in these areas, which has deteriorated from land-based run-off containing 
fertilizers, pesticides, heavy metals, sediments, and sewage, has led to concerns regarding 
localized impacts to reef communities. Nutrient enrichment promotes both phytoplankton and 
macroalgal growth, which block sunlight, overgrow corals and impede larval settlement (Hallock 
2001). Nutrient pollution may also weaken the immune system of corals, leaving them more 
susceptible to disease (Bruno et al. 2003; Voss and Richardson 2006; Vega Thurber et al. 2014). 
Another threat to corals linked to wastewater is increased numbers of bio-eroding clinoid 
sponges. These have been found to overgrow, outcompete, and kill corals (Hallock and Schlager 
1986; Ward-Paige et al. 2005).   
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 Vessel groundings are another major concern along the FRT (Jaap 2000). Within 
seconds, hundreds of years of reef growth can be destroyed by a large vessel grounding. 
Moreover, the cumulative effect of small boat groundings (e.g., propeller clipping, anchor 
damage) may be just as devastating. There are more registered boats in Miami-Dade County than 
any other county in Florida, and that doesn’t include the boats that are just visiting (Florida 
Highway Safety and Motor Vehicles 2018).   
  Alien marine flora and fauna have also been introduced to the Florida Keys over time.  
Most are transported from foreign areas via scuba gear, ship hulls, or ballast water. Very few 
become a nuisance. However, in 1992 six lionfish (Indo-Pacific origin) were released into 
Biscayne Bay when a large aquarium was destroyed during Hurricane Andrew (Courtenay 
1995). Lionfish are now widespread throughout the Florida Reef Tract and have even been 
sighted on ledges in north Florida (Albins and Hixon 2008). The venomous spines of these fish 
pose a threat to fishers and divers. Furthermore, lack of predators, rapid reproduction, fast 
growth, and voracious appetite of the lionfish are a recipe for imbalance in the ecosystems they 
invade. 
Fishing pressures are another concern for imbalance and shifts in reef communities.  
Overfishing and harvesting can devastate populations and throw off the entire ecosystem if left 
unmanaged. Implementation of regulations has been crucial to the sustainability of populations 
of commercially and recreationally sought-out species (Ault et al. 2005).   
 
1.3.3 Long-term coral reef monitoring 
 
Florida’s long-term coral reef monitoring programs have collected one of the longest and 
most comprehensive records of coral abundance and condition in the world. Over the past 
several decades, coral reef monitoring efforts have documented drastic declines (by >40% in 
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many areas) in stony coral abundance and condition throughout the Florida Reef Tract (Porter 
and Meier 1992; Ruzicka et al. 2010; Gilliam et al. 2015). These declines in stony-coral 
populations have been associated with numerous natural and anthropogenic perturbations (e.g., 
thermal stress, disease, predation, storms, pollution, sedimentation, recreational use, and ocean 
acidification) (Porter and Meier 1992; Hallock 2001; Somerfield et al. 2008). Now, many reefs 
once dominated by scleractinian corals have shifted to alternative species assemblages, such as 
macroalgae (Maliao et al. 2008) and octocorals (Ruzicka et al. 2013).   
The Florida Fish and Wildlife Conservation Commission’s Coral Reef Evaluation and 
Monitoring project (originally called the Coral Reef Monitoring Project) was initiated in 1994, as 
part of the Water Quality Protection Program, with growing concerns of water quality 
degradation brought on by rapid urbanization (Wheaton et al. 1996). Forty original study sites 
were permanently marked in 1995 in FKNMS and sampling began in 1996. Since then, the 
program has expanded the number of sites and geographic range several times (Gilliam et al. 
2015) (Figure 1.4): 
• Expansion 1: In 1999, three sites were installed in Dry Tortugas (DRTO) 
• Expansion 2: In 2003, coverage was extended to higher latitudes north of Biscayne.  Ten 
sites were added from Palm Beach to Miami-Dade.  This segment was designated as the 
Southeast Coral Reef Evaluation and Monitoring Project (SECREMP)   
• Expansion 3: In 2004, in partnership with NPS five additional sites were installed in 
DRTO 
• Expansion 4: In 2006, three sites were added to SECREMP in Martin County 
• Expansion 5: In 2009, in partnership with NPS three additional sites were installed in 
DRTO 
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• Expansion 6: In 2010, SECREMP added two more sites were in Palm Beach and two in 
Miami-Dade. 
• Expansion 7: In 2012, three sites were added in Broward and Miami-Dade. 
• Expansion 8: CREMP and SECREMP began collaborations with the Florida Reef 
Resilience Program (FRRP) along with a dozen other entities.   
  
Figure 1.4. Locations of permanent coral reef monitoring sites throughout Florida that were 
established prior to 2005.  
 
Biscayne National Park is currently the only area along the FRT not covered by CREMP 
or SECREMP. However, the South Florida Caribbean Network (SFCN) does monitor two sites 
in the southern portion of BNP: Amanda’s Reef and Ball Buoy Reef (Figure 1.4).   
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Core CREMP and SECREMP sampling protocols include a 1) video and/photographic 
transect survey and 2) timed stony coral species inventory (SSI). Percent cover data are 
determined using digital image analysis techniques. Diversity and disease information are 
determined from the SSI. Beginning in 2001,  protocols were modified to include a bio-eroding 
sponge abundance and cover survey. Then in 2012, demographic stony coral, octocoral, and 
barrel sponge surveys were added. The demographic surveys now include density and size class 
data for all stony coral species, five species of octocorals (i.e., Antillogorgia americana, 
Gorgonia ventalina, Eunicea calyculata, Eunicea flexuosa, and Pseudoplexaura porosa), and the 
barrel sponge (Xestospongia muta). The five species of octocoral were selected based on ease of 
field identification and abundance. Although, protocols prior to 2012 focused primarily on stony 
corals, video and photographic data collected over time provide opportunity for retrospective 
analyses of other functional groups, such as octocorals and barrel sponges.  
 
1.4 Overview of dissertation 
The goals of this dissertation were to explore the untapped potential of gorgonians as 
useful bioindicators and to encourage more interdisciplinary studies that utilize archived data 
sources to fill research gaps and inform management decisions. Specific objectives were to 1) 
assess long-term changes in benthic communities in BNP and 2) provide baseline data against 
which future change can be measured. This document is structured as follows:   
Chapter 2 provides an overview of gorgonian research conducted over the last century in 
the western Atlantic and Caribbean region. The chapter includes general background for shallow 
water symbiotic gorgonian octocorals, including classification, growth and morphology, 
reproduction, metabolic processes, and distribution patterns.   
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Chapter 3 is a working example of how archived species-abundance data can be used to 
1) construct a historic baseline record and 2) identify long-term change in gorgonian 
assemblages. The selected dataset was collected at six patch reef sites in Biscayne National Park 
(BNP) from 1977–81, prior to the documented losses of scleractinian corals, and compared to a 
dataset collected in 2016 after several decades of perturbations including cold-water events, 
bleaching events, and hurricanes as noted in Figure 1.3. The original reef sites were resurveyed 
using the methodologies as defined by the original research teams for straightforward 
comparison with previous data. In addition, size structure, video, and photographic data were 
collected to provide a more comprehensive record of reef condition, which is lacking in the 
historical record.   
Chapter 4 describes a practical solution for monitoring gorgonian assemblages using 
structure from motion (SfM) technology that eliminates the need for taxonomic experts in the 
field and greatly reduces time underwater (Lirman et al. 2007; Gintert et al. 2012). High 
resolution landscape mosaics of large sections of reefs provide permanent visual records and 
holistic views of reef communities that can be used for change detection and future management 
considerations. This study assessed the accuracy of classifying gorgonians from these high-
resolution landscape mosaics using key morphological characters. 
Chapter 5 evaluates the use of nine image enhancement techniques for use in shallow-
water benthic surveys. High quality images are important for accurate classification of organisms 
and measurements; however, field conditions aren’t always ideal during acquisition and images 
often suffer poor visibility, color loss, motion blur, and non-uniform lighting. This study offers 
several practical solutions to reduce these photographic errors and provides added flexibility for 
acquisition.   
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In Chapter 6, stable isotope techniques were used, in the absence of long-term water 
quality data, to investigate intraspecific and interspecific variations in δ15N of two temporally 
distant populations of gorgonians collected at Soldier Key, Biscayne, FL. Stable isotope analyses 
(SIA) of octocorals (Sherwood et al. 2010; Baker et al. 2010) have actively been used in 
ecological studies (Risk et al. 2009; Sherwood et al. 2011) as tracers of trophic level and source 
nitrogen (Ward-Paige et al. 2005), particularly for perturbations related to sewage pollution near 
urbanized areas (Risk et al. 2009). Gorgonians preserve a record of the sources of N assimilated 
over time as reflected in the ratio of the heavy to light isotopes in their tissues and skeleton. Bulk 
analyses are relatively simple, cost-effective and produce useful results.   
Finally, Chapter 7 provides a brief summary of the research presented in this dissertation. 
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2 A REVIEW OF SYMBIOTIC GORGONIAN RESEARCH IN THE WESTERN 
ATLANTIC AND CARIBBEAN 
2.1 Abstract 
 While scleractinian coral populations continue to diminish throughout the Caribbean, 
gorgonian corals are showing signs of resilience and in some areas are thriving.  Despite their 
prominence on reefs, gorgonian species are notoriously difficult to field identify and, as such 
have been underrepresented in most monitoring efforts. However, with reports of increased 
resilience to bleaching, ocean acidification, and hydrodynamic stress, there is now a growing 
interest in the ecological and physiological mechanisms that contribute to the success of 
gorgonian octocorals in changing environmental conditions. Here, I compile widely scattered 
taxonomical, biological, and ecological research on shallow-water symbiotic gorgonians in the 
wider-Caribbean into a comprehensive resource document that can be used by researchers and 
managers to inform and promote future studies.   
2.2 Introduction 
 Gorgonian octocorals are one of the most abundant, diverse, and eye-catching features on 
western Atlantic and Caribbean shallow-water coral reefs. The term “gorgonian” commonly 
refers to octocorals (Subclass Octocorallia, Order Alcyonacea) with an internal supporting axis 
and branching or tree-like appearance. The upright three-dimensional structure of gorgonians 
provides essential habitat, food, and protection for a variety of organisms, including 
commercially important species (Santavy et al. 2013). Gorgonians have also been heavily studied 
as a source for marine natural products (i.e., anti-cancer, anti-tumor, anti-inflammatory, anti-
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fungal, and anti-microbial properties) (Sammarco and Coll 1988; Coll 1992; Sammarco and Coll 
1992 and references therein) and their potential as bioindicators and bio-archives (Ward-Paige 
2005; Baker et al. 2010; Baker et al. 2017). Despite their importance and abundance, gorgonians 
have received relatively little attention in research and monitoring efforts, compared to the focus 
on hard corals (scleractinians), in part because of difficulties with field identification (Bayer 
1961; Sánchez and Wirshing 2005; Tsounis et al. 2018).    
 Like scleractinian corals, shallow-dwelling gorgonians exist in a variety of reef habitats 
(i.e., hardbottoms, patch reefs, transitional reefs, and bank reefs) throughout the Caribbean; 
however, gorgonians seem to thrive in a wider range of environmental conditions (Inoue et al. 
2013; Gabay et al. 2014; Goulet et al. 2017).  Distribution patterns of species have been well-
documented and are shaped primarily by 1) temperature, 2) light, 3) depth, 4) substratum type, 5) 
hydrodynamics, and 6) sedimentation (Cary 1914; Bayer 1961; Yoshioka and Yoshioka 1989a).  
In addition, numerous morphological and physiological mechanisms, including growth rates, 
skeletal structure, reproduction, recruitment, feeding modes, and immune response, further filter 
species into habitats based on sensitivities to the afore-mentioned abiotic factors (Opresko 1973; 
Alcolado 1981; Herrera-Moreno and Alcolado 1983; Sánchez et al. 1997; Prada et al. 2008).    
 The earliest records of data collection on shallow-water octocorals date back as far as 
Agassiz (1880), with studies in the early 1900s by Cary (1918). More extensive research on 
octocorals began in the late 1950s and early 1960s (Burkholder and Burkholder 1958; Bayer 
1961), with an increasing interest in octocorals as potential sources of marine natural products 
after scientists noticed the strong aromatics of Eunicea mammosa (Ciereszko et al. 1960; Coll 
1992). 
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 Bayer (1961) provided the first comprehensive guide for the identification of shallow-
water Caribbean species. Research on the biology and ecology of gorgonians gained momentum 
in the late 1960s and continued through the early 1980s in conjunction with the establishment 
and designation of several marine parks and sanctuaries. Ecological studies conducted through 
the 1990s and 2000s were mostly sporadic in nature and were focused primarily on growth and 
reproduction (Lasker et al. 1996a; Lasker 2003; Fitzsimmons-Sosa et al. 2004). In recent years, 
there has been an increased interest in gorgonians with reports of increased abundances (Ruzicka 
et al. 2013; Lenz et al. 2015) and their abilities to withstand climate-change impacts (Goulet et al 
2017; Tsounis et al. 2018, McCauley et al. 2018).   
 This paper synthesizes knowledge gained from more than a hundred years of widely 
scattered 1) taxonomical, 2) biological, and 3) ecological research on shallow-water symbiotic 
gorgonians in the wider-Caribbean.  This knowledge has provided a strong foundation for future 
work, as many topics require further development and investigation.  The primary goals of this 
paper are to provide a comprehensive resource document with a brief summary of past research, 
accessible bibliography, and suggestions for future work that can be used by researchers and 
resource managers interested in gorgonians.  
2.3 Taxonomic overview 
The Subclass Octocorallia is a monophyletic group that contains approximately 3000 
species currently divided into three orders, based on Bayer (1981): Order Pennatulacea (i.e., sea 
pens), Order Heliopaoracea (i.e., blue corals), and Order Alcyonacea (i.e., soft corals, 
gorgonians, and stoloniferans). The Order Alcyonacea is the largest of the three orders and has 
been subdivided into six sub-ordinal groups based mainly on skeletal structure (Bayer 1981; 
Fabricius and Alderslade 2001; McFadden et al. 2006) (Table 2.1).    
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Table 2.1. Subordinal groupings of Order Alcyonacea based on Bayer (1981). 
Soft corals (no internal axis) Gorgonians (internal axis) 
Alcyoniina Calcaxonia 
Protoaclyonaria Holaxonia 
Stolonifera Scleraxonia 
 
Most octocorals found in shallow Caribbean waters have a supporting internal axis and 
are commonly referred to as “gorgonians”; I follow that common usage in this paper. This term 
encompasses members of three suborders, Calcaxonia, Holaxonia, and Scleraxonia, that were 
previously assigned to the Order Gorgonacea, which is now synonymized with the Order 
Alcyonacea (Bayer 1981; McFadden et al. 2010) (Table 2.1). Calcaxonians have a solid axis 
with high-Mg calcite deposits (i.e., loculi), holaxonians have a hollow axis with varying amounts 
of calcite deposits, and scleraxonians have an axis made of fused sclerites (McFadden et al. 
2010). Shallow-water gorgonians are dominated by members of the Suborder Holaxonia, with a 
few members from Suborder Scleraxonia (Bayer 1961), while members of Calcaxonia are found 
mostly in deeper habitats. Eleven genera are commonly found in shallow-water Caribbean reef 
habitats less than 25m in depth and include 54 species that host algal symbionts belonging to the 
Symbiodiniacae (see taxonomic revisions in LaJeunesse et al. 2018), as listed in Table 2.2 (Bayer 
1961; Goldberg 1973; Wheaton 1987; Jaap et al. 1991; Weil et al. 1996; Sánchez and Wirshing 
2005; Cairns and Bayer 2009). Holaxonian genera are divided among two families:  Family 
Gorgoniidae (gorgoniids) includes Antillogorgia, Gorgonia, and Pterogorgia; and Family 
Plexauridae (plexaurids) includes Eunicea, Muricea, Muriceopsis, Plexaura, Plexaurella, and 
Pseudoplexaura. The suborder Scleraxonia includes two genera: Briareum and Erythropodium.    
24 
 
Table 2.2. Inventory of shallow-water gorgonian species reported in the wider-Caribbean.  Underlined portions of species names are 
used as abbreviations in later figures. Highlighted pairs or groups of species are those commonly confused in the field. Red font 
indicates species rarely found in shallow-water <25 m 
TAXONOMY REGION 
    1 2 3 4 5 6 7 
S
u
b
o
rd
er
 H
O
L
A
X
O
N
IA
 
Family PLEXAURIDAE FL BAH CUBA JAM PR USVI DR NETH COL HON MEX BEL 
     Eunicea asperula Milne Edwards & Haime, 1857 x   x   x x   x x       
     Eunicea calyculata (Ellis & Solander, 1786) 3 x x x   x x x x x x x x 
     Eunicea clavigera Bayer, 1961 x x x x   x   x     x x 
     Eunicea  flexuosa (Lamouroux, 1821)  x x x x x x x x x x x x 
     Eunicea fusca Duchassaing & Michelotti, 1860 x   x x x x x x x   x x 
     Eunicea knighti Bayer, 1961 x   x   x     x x   x   
     Eunicea laciniata Duchassaing & Michelotti, 1860  x   x x x x x x x   x x 
     Eunicea laxispica (Lamarck, 1815) x x     x x x x x   x x 
     Eunicea mammosa Lamouroux, 1816 x x x x x x x x x x x x 
     Eunicea succinea (Pallas, 1766) 3 x   x   x x x x x   x x 
     Eunicea pallida Garcia-Parradi & Alcolado, 1996     x x         x       
     Eunicea palmeri Bayer, 1961 x   x     x x       x x 
     Eunicea pinta Bayer & Deichmann, 1958 x x   x       x         
     Eunicea tayrona Sánchez, 2009 x         x x x         
     Eunicea tourneforti Milne Edwards & Haime, 18573 x x x x x x   x x x x x 
     Muricea atlantica Kükenthal, 1919 x x x x x x x   x x x x 
     Muricea muricata (Pallas, 1766) x x x x x x   x   x   x 
     Muricea elongata Lamouroux, 1821 x x x   x     x x   x   
     Muricea laxa Verrill, 1864 x x x x       x x   x   
     Muricea pinnata Bayer 1961     x   x       x       
     Muriceopsis flavida (Lamarck, 1815) x x x x x x x x x x x x 
     Muriceopsis petila Bayer, 1961   x x x                 
     Muriceopsis sulphurea (Donovan 1825)         x               
     Plexaura homomalla (Esper, 1792) x x x x x x x     x x x 
     Plexaura kukenthali Moser 1921 x x x x x x   x x x   x 
     Plexaura kuna Lasker Kim & Coffroth, 1996 x         x   x x       
     Plexaura nina Bayer & Deichmann, 1958   x   x x     x         
     Plexaurella dichotoma (Esper, 1791)1 x x x x x x x x x x x x 
     Plexaurella grisea Kunze, 1916 x   x x x x x x x   x x 
     Plexaurella nutans (Duchassaing & Michelotti, 1860) x   x x x x x x x   x   
     Plexaurella grandiflora Verrill, 19122 x                 x x   
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Table 2.2 continued. 
TAXONOMY REGION 
    1 2 3 4 5 6 7 
S
u
b
o
rd
er
 H
O
L
A
X
O
N
IA
 
Family PLEXAURIDAE FL BAH CUBA JAM PR USVI DR NETH COL HON MEX BEL 
     Pseudoplexaura crucis Bayer, 1961 x   x x x x   x x   x   
     Pseudoplexaura flagellosa (Houttuyn, 1772) x   x x x     x x x x x 
     Pseudoplexaura wagenaari (Styasny, 1941) x   x x x x x x x x   x 
     Pseudoplexaura porosa (Houttuyn, 1772) x x x x x x x x x x x x 
Family GORGONIIDAE FL BAH CUBA JAM PR USVI DR NETH COL HON MEX BEL 
     Antillogorgia acerosa (Pallas, 1766) x x x x x   x x x x x x 
     Antillogorgia americana (Gmelin, 1791) x x x x x x x x x x x x 
     Antillogorgia albatrossae Bayer, 1961         x x   x x       
     Antillogorgia bipinnata (Verrill, 1864) x x x x x   x x x x x x 
     Antillogorgia kallos (Bielschowsky, 1918) x               x x x x 
     Antillogorgia blanquillensis Bayer, 1961     x                 x 
     Antillogorgia elisabethae Bayer, 1961 x x x x       x x x x x 
     Antillogorgia hummelincki Bayer, 1961               x   x     
     Antillogorgia hystrix Bayer, 1961   x             x       
     Antillogorgia rigida (Bielschowsky, 1929) x   x   x x   x x   x x 
     Gorgonia mariae Bayer, 19613 x   x x x x   x   x x x 
     Gorgonia flabellum Linnaeus, 17583 x   x x x x   x   x x x 
     Gorgonia ventalina Linnaeus, 1758 x x x   x x x x x x x x 
     Pterogorgia anceps (Pallas, 1766) x x x x x     x x     x 
     Pterogorgia citrina (Esper, 1792) x x x x x x   x x     x 
     Pterogorgia guadalupensis Duchassaing &  x   x x x   x x x     x 
Michelotti, 1864                         
S
u
b
o
rd
er
 
S
C
L
E
R
A
X
O
N
IA
 
Family ANTHOTHELIDAE 
     Erythropodium caribaeorum (Duchassaing &  x x x x x x x x x x x x 
Michelotti, 1860)                         
Family BRIAREIDAE 
     Briareum asbestinum (Pallas, 1766) x x x x x x x x x x x x 
     Briareum polyanthes Duchassaing & Michelotti, 
1860  
x         x     x       
54 species, 11 genera (9 holaxonians, 2 scleraxonians), 4 families, 2 suborders 
1Pl. dichotoma and Pl. fusifera were synonymized (Alcolado 1985)      3 Species with associated subspecies 
2 Pl. pumila and Pl. grandiflora were synonymized (Castro 1989) 
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Current systematics are based on morphological characters that include size and shape of 
colony, branching pattern, distribution of polyps, axial structure, and sclerite morphology (Fig. 
2.1) (Bayer 1961). Many gorgonians can be field identified to genus level using external 
features; however, species-level field identification can be quite subjective and microscopic 
examination of sclerites is often needed. In fact, Tsounis et al. (2018) recommended grouping 
species that are commonly confused in the field when comparing data collected by multiple 
observers. Groups of commonly confused species are highlighted in Table 2.2. Additionally, I 
recommend grouping subspecies, such as Eunicea calyculata typica and E. calyculata coronata, 
when conducting cross-study comparisons to minimize inconsistencies with identification 
between studies.   
Figure 2.1. Representative photograph of a) Eunicea tayrona with magnified views of the b) 
branch tip and c) sclerite morphology.   
 
Several taxonomic species-level revisions have occurred since Bayer (1981). Plexaurella 
dichotoma and Pl. fusifera were synonymized by Alcolado (1985); however, many studies still 
refer to them as separate species. Plexaura kuna was identified as new species in 1996 (Lasker et 
al. 1996b). Prior to its designation as a new species, P. kuna was commonly confused with P. 
homomalla. Sánchez (2009) presented revisions for candelabrum octocorals of the genus 
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Eunicea and added E. tayrona as a new species in 2009, which closely resembles E. fusca but 
has distinctly reduced sclerites. Based upon molecular studies, P. flexuosa was reassigned to E. 
flexuosa by Grajales et al. (2007).  Pseudopterogorgia was changed to Antillogorgia by Williams 
and Chen (2012). Molecular phylogenetic studies continue to make progress toward further 
taxonomic resolution; however, efforts are still in their infancy and a lack of morphological 
characters and species-level molecular markers is inhibiting a full revision of the subclass 
(McFadden et al. 2010).   
2.4 Biological overview 
 
2.4.1 Growth and skeletal structure 
 
 Gorgonians are morphologically diverse, differing in axis structure, colony form, 
flexibility, biochemical composition, and growth rate, allowing them to inhabit numerous 
habitats from inshore shallow waters to offshore deep waters. With skeletons composed of both a 
highly durable protein surrounded by calcareous sclerites, colonies can grow to heights up to 2 
m, produce a variety of growth forms, and are resistant to ocean acidification (Gabay et al. 2014; 
Sánchez 2017). Scleraxonians (e.g., Briareum asbestinum) have an axis composed of tightly 
fused calcareous sclerites, called the axial medulla, with varying levels of protein surrounded by 
a thin layer of coenchyme (Fig. 2.2a). Holaxonians (e.g., gorgoniids and plexaurids), have an 
internal axis composed of a hollow central cord surrounded by concentric layers (like tree rings) 
made of highly durable insoluble protein called gorgonin (Bayer 1961; Goldberg 1978). The axis 
is surrounded by an axial sheath and coenchyme (Fig. 2.2b and 2.2c) (Bayer et al. 1983). In some 
holaxonian species (e.g., Plexaurella spp.), calcite is deposited between concentric layers in the 
loculi (Shirur et al. 2014). 
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 Flexibility is a functional trait that allows octocorals to withstand a diversity of habitats 
from deep to shallow with varying hydrodynamic regimes (Esford and Lewis 1990). Flexibility 
is highly dependent on the skeletal composition, as well as the shape and arrangement of sclerites 
in the coenchyme (Fabricius and Alderslade 2001). Axes that are heavily mineralized with 
calcite between axial layers are stiffer and those that have little mineralization are generally more 
flexible. For example, Gorgonia ventalina, which are often found in high energy waters, are 
flexible with a stiff base and have little or no mineralization in the axes, while taxa characterized 
by more rigid colonies, such as Plexaurella nutans, which are heavily mineralized are generally 
found in calmer waters (Esford and Lewis 1990). Taxa exhibiting moderate stiffness, such as 
most Eunicea spp., are found in areas with moderate wave energy  (Jeyasuria and Lewis 1987; 
Esford and Lewis 1990; Shirur et al. 2014). 
 
Figure 2.2 Gorgonian anatomy: a) cross-section schematic through a scleraxonian (original); b) 
cross-section of a holaxonian (original); c) axial structure of holaxonian (modified from Bayer et 
al. 1983). 
 
29 
 
Growth form is another trait that showcases gorgonians high adaptability (Fig. 2.3). 
Bayer et al. (1983) noted that they exhibit the following colony forms:  encrusting (e.g., 
Briareum and Erythropodium), unbranched (e.g., Briareum), plumose or pinnate (e.g., 
Antillogorgia and Muriceopsis), reticulate (e.g., Gorgonia), whip-like (e.g., Pterogorgia), and 
branched (e.g., Eunicea and Plexaura). Branched colonies can be further categorized as 
candelabra, bushy, or branched. Holaxonians are arborescent (i.e., tree-like) and have a variety of 
shapes and sizes. Scleraxonians are mostly encrusting or digitate forms (Bayer 1961; Sánchez 
and Wirshing 2005).  
Figure 2.3 Typical colony morphologies found in the Caribbean (original). 
The tree-like nature has some distinct advantages: 1) upright growth minimizes the need 
to compete for bottom space, 2) enhanced ability to capture light, and 3) branching allows for 
easier particle capture in the water column (Sánchez 2017). Although general morphology can be 
attributed to genetics, environmental conditions can also influence colony form, making 
identification difficult (Prada et al. 2008). For example, E. flexuosa has been reported as tall and 
slender in calmer deeper waters, and broad and bushy in shallow waters.    
Growth rates have been measured for roughly a quarter of the shallow-water taxa listed in 
Table 2.2. Growth rates are variable between species, within species (Table 2.3), and even within 
individual colonies, making studies on age and growth rates of shallow-water gorgonians 
30 
 
challenging (Cadena and Sánchez 2010). Gorgonians exhibit determinate growth (Lasker 2003). 
As such, growth rates decrease as the colony matures and are generally highest during the first 
five years (Bayer 1961). Rapid growth in the first few years makes the recruits less susceptible to 
mortality from burial and when the colony reaches an optimal size for gamete production, energy 
is diverted from growth to reproduction (Kapela and Lasker 1999; Beiring and Lasker 2000). 
Growth rates are also said to be faster post-disturbance or after partial mortality at the site of 
injury (Yoshioka and Yoshioka 1991; Sánchez and Lasker 2004; Shirur et al. 2016). Shirur et al. 
(2016) found E. flexuosa took twice as long to heal as Ps. porosa after injury. Additionally, 
habitat-related differences in growth rates and morphology (e.g., thickness of branches, polyp 
density, stiffness, and branching patterns) have been documented in widely-distributed species, 
such as Eunicea flexuosa, Briareum asbestinum, Antillogorgia spp., and Gorgonia spp. (Grigg 
1972; West et al. 1993; Kim et al. 2004; Sánchez et al. 2007). For example, thicker branches 
have been observed in shallow fore-reef areas where wave energy is generally higher (West et al. 
1993; Kim et al. 2004; Sánchez et al. 2007).    
Growth rates are typically measured in situ as changes in colony height over time (Table 
3). Alternatively, annual growth bands can be measured, but they require removal of whole 
colonies at the base (Sherwood et al. 2005a). Among those taxa for which data are available, 
plexaurids have an average growth rate of 5 cm/year and gorgoniids often double the rate of 
plexaurids (Cary 1915; Yoshioka and Yoshioka 1991). To date, the oldest shallow-water 
gorgonians recorded have been approximately 30–40 years (Ward-Paige et al. 2005; Risk et al. 
2009), although the maximum age is still unknown.  
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Table 2.3. Biological traits of well-studied symbiotic gorgonians.  P:R<1 indicates autotrophy.  P:R>1 indicates variable heterotrophic 
feeding  (Baker et al. 2015).  Growth rates are reported as height of the colony.   
Taxa Colony 
Form 
Calyx 
structure 
 Growth (cm 
yr-1) (3) 
Max. size 
(cm) (3) 
Reproductive 
Mode (1) (2) 
Breeding 
period (2) 
P:R  Polyp size 
Antillogorgia acerosa  plumose smooth 3.1 >100 BSP Aug-Oct 1.8 small 
Antillogorgia americana  plumose smooth 4.0 >100 BSP Oct-Nov ND small 
Antillogorgia bipinnata  plumose smooth ~3-4 50-100 ESB Dec-Feb ND small 
Antillogorgia elisabethae  plumose smooth 4.0 50-100 ESB Nov-Dec, Feb ND small 
Briareum asbestinum  encrusting smooth 9.3 50-100 ESB2 June-July 0.7 large 
Gorgonia ventalina  reticulate smooth 2.1 >100 BSP Mar-Sept 1.9 small 
Eunicea flexuosa  candelabrum; 
bushy 
Low lip 2.0 >100 BSP June-Sept 1.0 medium 
Eunicea mammosa candelabrum lip ND 50-100 BSP ND 1.5 small 
Eunicea succinea candelabrum; 
bushy 
lip 1.4 50-100 BSP ND 1.1 medium 
Eunicea tourneforti candelabrum lip 2.0 50-100 BSP ND  medium 
Muricea atlantica  branched spiny lip ND <50 BSP June-Sept ND medium 
Muriceopsis flavida  plumose smooth 1.9 50-100 BSP Nov-Dec ND medium 
Plexaura homomalla  bushy low lip 2.0 <50 BSP May-Aug 0.8 large 
Plexaura kuna  bushy low lip 2.0 <50 BSP May-Aug ND small 
Plexaurella dichotoma bushy mound 0.80 50-100 BSP ND 0.6 large 
Pseudoplexaura porosa branched smooth 2.1 >100 BSP June-Sept ND large 
Pterogorgia anceps bushy smooth ND ND ESB ND ND small 
(1)BSP=broadcast spawner; ESB=external surface brooder; ND=no data ;  
(2)Reproduction references (Lasker et al. 1996; Fitzsimmons-Sosa et al. 2004; Ritson-Williams 2010; Kahng et al. 2011);  
(3)Growth references (Yoshioka and Yoshioka 1991; Lasker et al. 2003; Sánchez and Lasker 2004; Sánchez et al. 2007).  
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2.4.2 Reproduction and recruitment 
Gorgonians are known to be gonochoristic and are able to reproduce both sexually and 
asexually  (Kahng et al. 2011). Sexual reproduction is considered the dominant mode for most 
Caribbean symbiotic species (Kahng et al. 2011). However, new colonies may also be formed 
asexually via vegetative propagation (e.g., Plexaura kuna, Eunicea fusca) (Lasker 1984; 
Coffroth and Lasker 1998; Sánchez 2009).   
Sexual reproductive modes can be divided into three categories: broadcast spawning, 
internal brooding, and external brooding (Table 2.3). Reproductive mode heavily influences 
connectivity and diversity (Jackson 1986). Most Caribbean gorgonians studied thus far are either 
broadcast spawners or brooders with varying synchronized gametogenic cycles (Fitzsimmons-
Sosa et al. 2004). Timing is dependent on environmental conditions and is species-specific. For 
instance, Gorgonia ventalina spawns year-round (Fitzsimmons-Sosa et al. 2004), whereas other 
gorgonians seem to have a narrower window to reproduce (Lasker et al. 1996a). 
Broadcasters are more-widely distributed than brooders with larvae transported mainly by 
currents. Broadcasters release gamete bundles into the water column where they break apart and 
are fertilized. After fertilization, the zygotes develop into planktonic larvae that remain in the 
water column for several days to weeks, then settle and metamorphose into polyps (aka: spat) 
(Fabricius and Alderslade 2001). Once settled the polyp begins to form a colony through the 
process of budding, a form of asexual reproduction (Fig.2.4). Eunicea and Plexaura species that 
have been studied thus far are broadcasters (Table 2.3) 
Brooding is thought to promote recruitment and survival in frequently disturbed habitats, 
because larvae settle quickly and are frequently fully equipped with algal symbionts (Szmant 
1986). Internal brooders have larvae that develop within the females; then days to weeks later, 
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the larvae are released when they are ready to metamorphose, leaving little time in the water 
column to be eaten by predators. In external brooders, fertilization and partial development 
occurs in mucus pouches on the surface of the female colonies. The larvae are released from the 
colony when they are ready to settle, resulting in settlement within the same area as the mother 
colony (Fabricius and Alderslade 2001). Brooding species studied thus far include Briareum 
asbestinum, Pterogorgia anceps, Antillogorgia bipinnata, and Antillogorgia elisabethae (Table 
2.3). 
Studies of asexual propagation in Caribbean gorgonian species are sparse. The only well-
studied species thus far are Plexaura kuna (Lasker 1984; Coffroth and Lasker 1998) and Eunicea 
fusca (Sánchez 2009). Asexual propagation may allow for higher rates of population increase 
and therefore, the ability to survive and recover quickly after disturbances such as storms (Lasker 
1984). However, asexual modes are a disadvantage for genetic diversity leaving species more 
susceptible to disease (Coffroth and Lasker 1998).    
No matter the mode of reproduction, substratum and light are limiting factors for 
settlement and recruitment. Larvae prefer a consolidated hard substrate for attachment, which is 
often in cracks and under ledges protected against sediment burial (Yoshioka and Yoshioka 
1989a). Among the limited number of taxa for which data are available, roughly 60% of 
brooding species receive their algal symbionts through vertical transmission, while the studied 
spawning species uptake their symbionts horizontally from the environment (Schubert et al. 
2017). The larvae that are equipped with symbionts require light and therefore settle on surfaces 
where light capture is optimal (Yoshioka 1996; Privitera-Johnson et al. 2015).  
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Figure 2.4. Reproductive cycle of gorgonians (original).  
2.4.3 Feeding modes 
Most tropical shallow-water gorgonians host algal endosymbionts (Kinzie 1973), and 
thereby have the ability to utilize both heterotrophic and photoautotrophic food sources (Lasker 
1981; Ribes et al. 1998; Anthony and Fabricius 2000; Dubinsky and Berman-Frank 2001). 
Heterotrophic capabilities have been linked to polyp size (Porter 1976), branching pattern 
(Leversee 1976), and orientation to current (Wainwright and Dillon 1969). Gorgonians have 
been observed feeding on particulate organic matter, zooplankton, and microplankton from the 
water column (Lasker 1981; Lewis 1982; Ribes et al. 1998); however, the relative dependence on 
heterotrophic feeding is still unknown in most taxa (Table 2.3).   
Traditional feeding experiments on gorgonians date back as far as 1915. Cary (1915) 
studied 11 species of gorgonians and found species with the greatest surface to volume ratios had 
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higher metabolisms than species with low ratios. A more recent study by Baker et al. (2015) 
elaborated on Cary’s work using light-dark bottle experiments and carbon-isotope tracers. Baker 
et al. (2015) found significant differences in photosynthesis to respiration rates among 11 
gorgonian species. These differences negatively correlated with polyp size (Table 2.3) (Porter 
1976; Baker et al. 2015). Sea fans and sea plumes (Family Gorgoniidae) reportedly acquire most 
of their energy from photosynthesis of their algal symbionts, while plexaurids (branched sea 
rods) exhibited varying degrees of heterotrophy (Baker et al. 2015). Plumose and reticulate 
morphologies with small polyps likely maximize light exposure and optimize symbiont densities 
and nutrient exchange via increased surface area to volume ratios. Branched rod-shaped colonies 
with larger polyps might better support suspension-feeding by increasing water movement 
around the polyps (Baker et al. 2015). The relationship between polyp size and dependence upon 
photosynthesis suggests that some trade-offs may exist for different feeding modes. This is 
clearly a topic meriting additional research. 
Another fundamental aspect of nutrition that is still unknown is variability in autotrophy 
and heterotrophy in relation to environmental change (Hughes and Grotolli 2013). Stable isotope 
analyses of octocorals are becoming more routine in ecological studies as tracers of trophic level 
and source nitrogen (Sherwood et al. 2010; Baker et al. 2010). Bulk analyses are relatively 
simple and cost-effective, with potential to produce useful results, though confounding effects 
such as light can complicate interpretations (Baker et al. 2011). Recently, compound-specific 
stable isotope analysis has shown potential to distinguish N sources by use of amino acids, 
providing a tool to explore trophic interactions. Further studies on nutritional pathways and 
resource allocation could provide added insight into distribution patterns, physiological response 
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to changing environmental conditions, as well as, intraspecific and interspecific phenotypic 
variability.   
2.4.4 Health and immune response  
Gorgonians, like other cnidarians, have intriguingly complex immune systems that are 
equipped with an arsenal of bioactive compounds and various physiologic mechanisms that help 
defend against foreign invaders and enhance resilience to environmental stress. These 
mechanisms include 1) mucus shedding, 2) melanization, 3) secondary metabolites, 4) wound 
healing by amoebocytes, and 5) rapid lesion recovery (Sammarco and Coll 1992; Weil et al. 
2017; Shirur et al. 2016; Goulet et al. 2017). Main causes of death include, but are not limited to, 
detachment and burial from storms, overgrowth, predation, and disease (Yoshioka 1996; 
Fabricius and Alderslade 2001).   
Although, gorgonians have been reported to show a higher resistance to bleaching (Prada 
et al. 2010; Goulet 2017), hydrodynamic stress, and ocean acidification (Gabay et al. 2014) than 
scleractinian corals, they are not invincible. Susceptibility to bleaching events and disease 
outbreaks has increased with increasing temperatures (Prada et al. 2010). To date, more than a 
dozen diseases have been reported to affect gorgonians in the wider-Caribbean (Weil et al. 
2017). In addition, bleaching has been reported in eight of the twelve shallow-water genera: 
Muricea, Plexaurella, Pseudoplexaura, Pterogorgia, Briareum, Muriceopsis, Erythropodium, 
and Eunicea (only E. flexuosa) (Lasker et al. 1984; Harvell et al. 2001; Prada et al. 2010).   
General immune response pathways have been described in detail by several authors 
including Sutherland et al. (2004), Toledo-Hernandez and Ruiz-Diaz (2014), Mydlarz et al. 
(2016), and van der Water et al. (2018). The first line of defense for gorgonians includes physical 
barriers (e.g., mucus and sclerites) that help prevent threats from entering the organism, much 
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like skin functions in humans (Sutherland et al. 2004; Toledo-Hernandez and Ruiz-Diaz 2014). 
Mucus has a range of defensive functions. It can act as sunscreen, can contain anti-predatory 
compounds, and can be sloughed off to prevent sediment suffocation and foreign material from 
entering (Opresko 1973; Brown and Bythell 2005). Sclerites have also exhibited anti-predator 
qualities (Harvell and Fenical 1989; O’Neal and Pawlik 2002).   
The internal immune response begins with the detection and recognition of “self versus 
non-self” via pattern recognition receptors or PRRs (Sutherland et al. 2004; Toledo-Hernandez 
and Ruiz-Diaz 2014; Mydlarz et al. 2016) (Fig. 2.5). After a threat has been identified, signaling 
pathways are activated to begin the associated effector response (Mydlarz et al. 2016). These 
pathways activate cellular and chemical defenses with the end goal of destroying, isolating, 
eliminating the threat. Cellular responses include phagocytosis, encapsulation, cell lysis, and 
melanization (Mydlarz et al. 2008, 2016). Chemical responses include numerous secondary 
metabolites, antimicrobial peptides (AMPs), enzymes, and reactive oxygen species (ROS). Once 
the threat has been eliminated, repair mechanisms are triggered that are essential to recovery and 
resilience and include apoptosis, antioxidants, and wound-healing amoebocytes.   
An area of much needed focus is how octocoral immune function varies with changing 
environmental conditions. The detection of invaders requires resources to be allocated toward 
immunity. Prolonged stress could cause a reduction in available energy and lead to an immune-
compromised health state (van der Water 2018). Increases in amoebocytes, antifungals, and 
symbiont densities have been observed under elevated seawater temperature (Mydlarz et al. 
2008; Ward et al. 2007; Shirur et al. 2016). A recent study by Goulet et al. (2017) showed E. 
tourneforti, E. flexuosa, and Ps. porosa were able to maintain symbiont densities at elevated 
temperatures (32oC) for five days in a controlled setting.  McCauley et al. (2018) found different 
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responses between two species (i.e., E. tourneforti and Ps. crucis) to both ultraviolet radiation 
and elevated temperature based on biochemical composition.    
 
Figure 2.5. Schematic of general components of immunity found in gorgonians (original). 
 
2.5 Ecological overview 
 
2.5.1 Factors influencing distributions 
Studies investigating the structure of gorgonian assemblages began primarily in the early 
1960s and have continued to the present.  Such studies include those by Bayer (1961, Caribbean-
wide), Opresko (1973, Florida), Goldberg (1973, Florida), Kinzie (1973, Jamaica), Preston and 
Preston (1975, Puerto Rico), Acolado (1981, Cuba), Herrera-Moreno and Alcolado (1983, 
Cuba), Lasker and Coffroth (1983, Belize) and several more (Table 2.4). At least one 
distributional study was conducted in each of the seven ecoregions of the Caribbean basin 
between 1968 and 2018 (Table 2.4; Fig. 2.6). Although, direct comparisons of distributional 
studies is difficult because of differences in timing and sampling effort, some consistent trends 
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can be extracted and used to guide further studies, especially those concerned with identifying 
potential bioindicator species.  
Gorgonian population dynamics are principally driven by a range of interconnected 
environmental factors. Many of these are heavily influenced by human activities, including 
temperature, substrate type and availability, structural complexity, water movement, sediment 
transport, depth, light intensity, and salinity (Bayer 1961; Yoshioka and Yoshioka 1989a; 
Sánchez et al. 1997). In addition, biotic factors such as competition, predation, symbioses, 
reproduction, settlement, and developmental properties provide local scale refinement. Together, 
these abiotic and biotic factors have been shown to induce habitat filtering and morphologic 
variability (Grigg 1972; Velásquez and Sánchez 2015). 
Temperature controls many physiological and ecological processes (e.g., metabolic rates, 
reproduction, dissolved oxygen content, chemical reaction rates) and as such is one of the most 
widely recognized influences on the distribution and growth of marine organisms. All organisms 
have an optimal range and their capacity to tolerate temperatures outside of this range directly 
affects survival (Bayer 1961). Few studies have investigated the temperature tolerances of 
gorgonians. Cary (1918) found the maximum upper limit of twelve species in Dry Tortugas to be 
between 34.5–38.2oC for a 24-hour exposure. Resistance was determined to be species-specific, 
with plexaurids being least resistant and the scleraxonian Briareum asbestinum being most 
resistant (Cary 1918). Goldberg (1970) determined the optimal ranges and extremes for six 
common species off Palm Beach, Florida. The optimal temperature range for gorgonians was 
like that of scleractinians, between 18–33oC, with a lower tolerance generally 15–17oC and an 
upper tolerance consistent with Cary’s findings. In general, gorgonians appear to have a higher 
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tolerance to warm temperatures and may be more restricted in distribution because of lower 
limits; however, more work is needed in this area (Opresko 1973; Lasker 2003).   
The nature of the substratum [i.e., bottom relief, substratum availability, type of sediment 
(Cary 1914), and sediment transport (Yoshioka 2009)] are proximal factors controlling 
settlement and survival of planulae. Excess sedimentation can impede recruitment and growth 
(e.g., by burial), reduce light attenuation, and increase abrasion (Yoshioka 1996). Gorgonians 
typically favor open areas of rough, solid bottom, with little to no inclination, for attachment. 
Recruits frequently find refuge in depressed areas between scleractinians on reefs. However, it is 
not unusual for severe storms to fill these depressed areas with sediment, especially on patch 
reefs that are surrounded by a sand halo (Goldberg 1970). This is likely why the tops of shallow-
water patch reefs are often more populated with gorgonians than the sloping sides. 
Currents and wave energy control food and sediment transport, which have a marked 
influence on larval dispersal, recruitment, plankton dispersal, morphology, and orientation 
(Sánchez et al. 1997). The “tree-like” nature and morphological plasticity of shallow-water 
gorgonians allows them to inhabit a variety of flow regimes from shallow water with high wave 
action and surge to deeper water with low energy, current-driven zones.  In fact, Jeyasuria and 
Lewis (1987) correlated axis stiffness with water-movement-based zonation in 13 species of 
Caribbean gorgonians. The stiffest axes were found in deeper waters with low wave energy and 
surge. Shallow waters with moderate surge and wave energy had the most flexible axes. The 
orientation of fan-shaped and candelabrum-shaped gorgonians perpendicular to net flow of water 
is so well documented that gorgonians have been used as indicators of general flow patterns 
(Grigg 1972). This positioning is thought to enhance feeding efficiency and particle capture in 
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deep water species (Leversee 1976; Wainwright and Dillon 1969) and optimize light capture in 
shallow-water species such as G. ventalina (Baker et al. 2015). 
Nearly all shallow-water Caribbean gorgonians host dinoflagellate endosymbionts 
(Kinzie 1973). The need for photosynthates therefore limits these species from growing in deeper 
waters with low light availability. Moreover, local bathymetry and nature of the substratum can 
cause significant variations in light intensity (i.e., turbidity, reflectance, and shading). For 
example, sandy bottoms increase reflectance and over-hanging topography provides shade. 
Species with algal symbionts are generally found in waters <16 m, while only a few species 
lacking algal symbionts are found in depths <25 m (e.g., Iciliogorgia schrammi) (Goldberg 
1970).   
Salinity ranges are much less understood, but the areas where reefs are best developed 
have an average salinity of 36.0 (Bayer 1961). In general, gorgonians seem to be able to 
withstand hypersaline conditions more easily than reduced salinities, with an optimal range of 
29.5–42.5 (Bayer 1961; Opresko 1973). There is also evidence that gorgonians may be able to 
acclimate to lower salinities if the changes are gradual. However, this is one of many ecological 
parameters that needs further investigations.   
2.5.2 Potential as bioindicators 
 As global temperatures rise, storm frequency increases, and other climate-change related 
stressors continue to impact coral reefs (Keller et al. 2009). Policy makers and resource 
managers urgently seek biological indicators that can be used as proxies to assess environmental 
conditions (Hallock et al. 2003, and references therein). Gorgonians are ideal candidates for 
bioindicators because they 1) are long-lived, 2) are sessile and cannot migrate, 3) build a protein 
axis which records conditions at the time of formation in annual bands, 3) are abundant and 
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easily sampled, 4) have distributions strongly connected to abiotic factors, and 5) exhibit 
consistent sensitivities to changes in abiotic conditions (Alcolado 1981; Herrera-Moreno and 
Alcolado 1983; Risk et al. 2009).    
 The use of gorgonians as effective bioindicators for identifying sources of anthropogenic 
pollution has been demonstrated in several studies throughout the Caribbean (e.g., sewage and 
agricultural fertilizers) (Ward-Paige et al. 2005; Risk et al. 2009; Baker et al. 2010; Sherwood et 
al. 2010). Because the skeletal axes of gorgonians are composed primarily of protein, large 
amounts of nitrogen are incorporated into the skeleton from the environment. This creates a 
record of the environmental conditions at the time of synthesis, giving the skeletal components 
immense value as bioarchives. Species used previously in the wider-Caribbean for stable isotopic 
studies aimed at identifying sources of anthropogenic nitrogen include G. ventalina, E. flexuosa, 
P. homomalla, Antillogorgia spp., and Ps. porosa (Ward-Paige et al. 2005; Risk et al. 2009; 
Baker et al. 2010; Sherwood et al. 2010; Baker et al. 2017). However, additional work is needed 
to determine how isotope values differ within and between species. 
 On the other hand, studies that have utilized the whole gorgonian assemblage as a tool for 
bioimonitoring are limited to a few areas off of Cuba (Alcolado 1981; Herrera-Moreno and 
Alcolado 1983; Rey-Villiers 2009). Thus far, several species-specific tolerances to 
hydrodynamic stress, pollution, sedimentation, and bleaching have been reported (Table 2.5). 
Alcolado (1981) was the first to attempt to develop gorgonian indices. He used the sum of 
relative abundances of species tolerant to hydrodynamic stress to infer the degree of 
hydrodynamic stress in a variety of reef habitats. Herrera-Moreno and Alcolado (1983) applied 
similar principles to infer the degree of organic pollution based on presence of tolerant species. 
Higher abundances of “sensitive” species are often indicative of stable/favorable conditions, 
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whereas higher abundances of “tolerant” species are often indicative of suboptimal conditions. 
Edinger and Risk (2000) defined stress-tolerators as “slow-growing organisms that are able to 
survive in nearly all habitats, but only dominate in habitats where physiological stress precludes 
or slows the growth of ruderals (r-selected species) and competitors.”  
 Species tolerances to sedimentation and bleaching have been reported only sporadically. 
Table 2.5 summarizes species identified throughout the literature as being tolerant to  
hydrodynamic stress, urban pollution, sedimentation, and thermal stress (Opresko 1973; 
Alcolado 1981; Herrera-Moreno and Alcolado 1983; Prada et al. 2010; Sánchez 2017). To 
further validate which species or species groups are the best-suited indicators of specific 
environmental conditions, a deeper quantitative multivariate analysis of environmental 
parameters affecting distributions in all eco-regions of the Caribbean is needed. Additionally, 
because current taxonomy is based on several morphologic characters, exploring functional 
alternatives or coarser taxonomic linkages could reduce the need to identify individuals to 
species-level or eliminate the need for taxonomic experts, thereby providing a more widely 
applicable biotic index. 
 
 
44 
 
 
Figure 2.6.  Map marking locations of select distributional studies (stars).  Numbered ecoregions 
are as follows: 1= Floridian, 2=Bahamian, 3= Greater Antilles (Northern Caribbean), 4=Eastern 
Caribbean, 5=Southern Caribbean, 6=Southwestern Caribbean, 7=Western (Meso) Caribbean 
(ecoregions correspond to those from Spalding et al. 2007).
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Table 2.4.  List of 27 select studies focused on distributional patterns of gorgonians. Number of subspecies is reported separately in 
parentheses in the # holo species column. Holo = holoxonian, sclero = scleraxonian, NR = no record 
Publication Eco-
region 
Area Location Site Descriptions Timeframe # sites # holo 
species 
# sclero 
species 
1-Bayer (1961) ALL Caribbean Multiple NR NR NR NR NR 
2-Opresko (1973) 1 Florida Biscayne 2 ns hardbottom, 1 patch 1973 3 25(3) 2 
3-Goldberg (1973) 1 Florida Palm Beach 2 patch and 1 outer reef platform (16m, 
22m, 26m, 30m) 
1973 6 21(0) 2 
4-Chiappone and Sullivan 
1994 
1 Florida Florida Keys 1 patch, 4 low-relief hardbottom 1992 5 13(0) 2 
5-Weil et al. (1996) 1 Florida Biscayne 1 ns hardbottom, 3 patch, 2 transitional, 
3 outer reefs 
1995 9 35(2) 3 
6-Goldberg (1983) 2 Bahamas Cay Sal Bank 97 stations from shallow lagoon to outer 
reef 
1980-1982 97 10(0) 0 
7-Alcolado (1981) 3 Cuba Havana 10 locations; 57 sites; 193 stations from 
1-30m 
1981 57 34(1) 1 
8-Herrera-Moreno and 
Alcolado (1983) 
3 Cuba Havana 8 nearshore sites with two stations each 
(10m and 15m) 
1982 8 29(1) 0 
9-Alcolado et al. (2008) 3 Cuba Sabana-Camagüey 
Archipelago 
10 sites; 2-4 stations per site (rear zone, 
fore-reef 5-20m) 
1994 10 15(1) 1 
10-Herrera et al. (1997) 3 Cuba Havana 7 habitat zones along Rincon de 
Guanabo barrier reef 
1997 7 28(1) 1 
11-Espinosa et al.  (2010) 3 Cuba Santiago de Cuba 6 spur and groove reef sites ranging 
between 12–17m 
2009 6 20(1) 2 
12-Perez-Angulo and 
Hernandez (2011) 
3 Cuba Pinar del Rio 11 fore-reefs, 2 rear zone, 1 reef crest 2010 14 31(1) 2 
13-Hernandez-Fernandez 
and Alcolado (2007) 
3 Cuba Cayo Coco 25 stations in 7 habitat zones (1-15m) 2000, 2003 7 30(2) 1 
14-Hernandez-Munoz et 
al. (2008) 
3 Cuba Havana 10m and 20m fore-reef stations 2002, 
2004,2005 
2 29(1) 1 
15- Torres et al. (2001) 3 Dominican 
Republic 
Parque Nacional 
del Este 
2 protected; 2 exposed reef sites 1996 4 22(0) 2 
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Table 2.4.  continued 
Publication Eco-
region 
Area Location Site Descriptions Timeframe # sites # holo 
species 
# sclero 
species 
16-Kinzie (1973) 3 Jamaica Discovery Bay 5 sites; 10 habitat zones from shore zone 
(0-3m) to deep fore-reef slope (50-75m) 
1968 5 26(0) 2 
17-Yoshioka and 
Yoshioka (1989a) 
3 Puerto 
Rico 
La Parguera 2 sites with moderate wave action and 
relief (only partially to species level) 
1983 2 18  1 
18-Yoshioka and 
Yoshioka (1989b) 
3 Puerto 
Rico 
Multiple 8 sites; 26 stations with variable relief 
and wave energy 
1974-1986 26 31(0) 2 
19-Etnoyer et al. 
(2010) 
4 Netherland 
Antilles 
Saba Bank 4 fore-reef sites; 4 plateau sites 2007 8 38(0) 2 
20-Tsounis et al. 
(2018) 
4 USVI St. John 2 contrasting reef sites (1 protected; 1 
exposed) 
2014 2 29(3) 2 
21-Botero (1987) 5 Colombia Santa Marta 7 shallow stations (1-22m); 2 deep 
stations 
1987 9 27(0) 1 
22-Sánchez et al. 
(1997) 
5 Colombia San Andres and 
Provendicia 
Archipelago 
22 stations in 3 habitat zones (windward, 
leeward, and patch) on two atolls 
1994 22 22(0) 2 
23- Sánchez et al. 
(1998) 
5 Colombia Providencia Island 28 stations (1-50m) in 6 habitat zones 
(shallow spur and groove, patch, mixed 
mid-depth, deep fore-reef, deep leeward, 
and outer slope 
1998 28 25(0) 2 
24-Keith (1992) 6 Honduras Roatan 1 patch, 1 sand-flat, 1 fore-reef rubble 
zone 
1979 3 20(0) 1 
25-Jordan-Dahlgren 
(1989) 
6 Mexico Yucatan Peninsula 4 fore-reef sites sampled at different 
habitat zones from 1-20m depth 
1989 4 34(0) 1 
26-Lasker and 
Coffroth (1983) 
7 Belize Carrie Bow Cay 1 sand-flat, 1 patch, 1 lower spur and 
groove, 1 fore-reef ridge 
1982 4 26(3) 1 
27-Muzik (1982) 7 Belize Carrie Bow Cay 1 transect lagoon to outer ridge, 1 patch, 
1 other 
1979 3 24(2) 0 
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Table 2.5. Species-specific tolerances found in distributional studies presented in Table 2.4.  
Superscripted numbers correspond to the select study in Table 2.4. 
Species Resistance 
Hydrodynamic 
Stress3,7 
Pollution8,11 Sedimentation3,8 Temperature1, 2 
Antillogorgia acerosa   X X 
Antillogorgia americana   X X 
Briareum asbestinum     
Eunicea calyculata  X  X 
Eunicea flexuosa X X   
Eunicea mammosa  X   
Eunicea tourneforti X X  X 
Gorgonia ventalina X   X 
Muricea elongata   X  
Muricea muricata X    
Plexaura kukenthali  X   
Plexaurella dichotoma X  X  
Pseudoplexaura flagellosa  X   
Pterogorgia anceps X  X X 
Pterogorgia citrina X X  X 
Pterogorgia guadalupensis X    
 
 
 
2.6 Conclusions 
 
Although the current state of knowledge on the biology, ecology, and taxonomy of 
symbiotic gorgonians has grown considerably during the last century, gorgonians continue to be 
underrepresented in long-term coral reef monitoring efforts.  This neglect has primarily been 
attributed to difficulties in differentiating species in the field and the need for microscopic 
sclerite verifications. However, gorgonians are abundant and integral components of coral reef 
communities and their functional importance is reason to overcome these challenges. With recent 
reports of increased abundances in parts of the Caribbean, as well as evidence of resilience to 
bleaching, ocean acidification, and hydrodynamic stress, there is now a growing interest in the 
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ecological and physiological mechanisms that contribute to their success in changing 
environmental conditions.   
Because there are substantial amounts of published information on various aspects of 
gorgonian biology and ecology, I recommend that in-depth reviews on specific topics be 
undertaken. At present, reproduction, molecular phylogenetics and natural product chemistry are 
the only topics with recent review papers. Thus, the primary goals of this paper were to 
emphasize the untapped potential of this group for detecting environmental change, and to gather 
widely scattered information into one reference document that can be used to promote and 
inform future studies. As reefs continue to lose scleractinian coral cover, I recommend that reef 
researchers more broadly consider gorgonian ecology as a critical component of reef science. 
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3 HISTORICAL DATA REVEAL TEMPORAL AND SPATIAL TRENDS IN 
SHALLOW-WATER GORGONIAN ASSEMBLAGES ON PATCH REEFS IN 
BISCAYNE NATIONAL PARK, FLORIDA, USA 
 
3.1 Abstract 
Diversity of reef habitats, proximity to the urban center of Miami, and connectivity to 
other areas of Florida have established Biscayne National Park (BNP) as an active location for 
reef research since the early 1950s. Over that time, changes in scleractinian coral cover have 
been the primary focus of research, leaving gaps in the historical record for other prominent reef 
taxa such as octocorals. This study used multivariate techniques to compare octocoral 
assemblages at six patch reef sites within BNP sampled over a five-year period (1977–81) with 
data collected at the same sites nearly 40 years later (2016). Results suggest a decline in overall 
abundance of gorgonians since the 1970s with a substantial increase in the relative abundance of 
stress tolerant species such as Antillogorgia spp. at all six sites. Changes in octocoral abundance 
and composition are consistent with patterns of biotic homogenization and losses seen in 
scleractinian populations on the same reefs. Long-term comparative studies such as this are 
essential to understanding shifts in community structure and to provide a permanent record by 
which future change can be assessed and managed.   
3.2 Introduction 
Biscayne National Park (BNP) is one of the largest national marine parks in the United 
States, encompassing approximately 200 square nautical miles (700 km2), at the northern range 
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extent of the Florida Keys Reef Tract. The park is located directly adjacent to the sprawling 
urban center of Miami (population: 2.7 million) and was established to preserve and protect a 
rich diversity of habitats from increasing pressures of urbanization (i.e., dredging, habitat loss, 
pollution, sedimentation) (Robles et al. 2005). With over 4000 coral reefs (Lirman and Fong 
2007) only a short distance from shore, BNP is an attractive natural resource for residents, 
visitors, and scientists. 
When Biscayne National Monument (later expanded to BNP in 1980) was established in 
1968, scientists documented luxurious stands of elkhorn corals, Acropora palmata, on outer reefs 
at the southern end of the park and diverse populations of corals, octocorals, and sponges on 
patch reefs (Voss et al. 1969). Since then, stony coral abundance and condition have drastically 
declined on many Biscayne reefs (Porter and Meier 1992; Dupont et al. 2008; Wallace 2011).  
Such decline is consistent with reports of coral decline throughout the Caribbean and western 
Atlantic (Gardner et al. 2005). Declines in stony coral populations are associated with the 
combined and after effects of natural and anthropogenic stressors (e.g., thermal stress, disease, 
predation, storms, pollution, sedimentation, recreational use, and ocean acidification) (Porter and 
Meier 1992; Hallock 2001; Somerfield et al. 2008) (Fig. 3.1). Many reefs once dominated by 
scleractinian corals are now reportedly dominated by alternative species assemblages, such as 
octocorals (Maliao et al. 2008; Ruzicka et al. 2013).   
Shallow-water octocorals exist in multiple reef habitat types (i.e., hard-bottoms, patch 
reefs, transitional reefs, and bank reefs), similar to those occupied by scleractinian corals, but are 
documented to tolerate a wider range of environmental conditions. Their arborescent 
morphology provides essential habitat and food for a variety of organisms including several 
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commercially important species (Santavy et al. 2013). Distribution patterns are linked to multiple 
interconnected environmental factors: nature of the substratum (i.e., bottom relief, substrate 
availability, type of sediment) (Cary 1914; Kinzie 1973; Sánchez et al. 1997), water movement 
(Wainwright and Dillon 1969; Kinzie 1973; Jeyasuria and Lewis 1987), sediment transport 
(Yoshioka 2009), depth (Kinzie 1973), temperature (Cary 1918; Goldberg 1970), and light 
intensity (Kinzie 1973). Approximately 43 species of octocoral inhabit shallow-water reef 
habitats (depth <25 m) in BNP (Bayer 1961; Wheaton 1987; Cairns and Bayer 2009). Octocoral 
assemblages on Caribbean reefs are generally comprised of approximately 50% plexaurid and 
50% gorgoniid species (Sánchez 2015). Plexaurids are sea rods belonging to family Plexauridae. 
The term “gorgoniids” refers to sea fans, sea plumes, and a few sea whips belonging to Family 
Gorgoniidae (Bayer 1961).   
Although general knowledge of octocoral ecology and biology has increased 
considerably in recent years, most long-term and historical octocoral assemblage data exist 
primarily in unpublished technical reports. Current octocoral records for BNP are mostly coarse 
measurements of taxonomic-group cover (i.e., pooled data) included in long-term monitoring 
program reports (Kuffner et al. 2008; Kuffner et al. 2010; Ruzicka et al. 2013) with only a few 
comprehensive species-level datasets (Goldberg 1973; Opresko 1973; Weil et al. 1996). In 1969, 
Voss et al. conducted the first inventory of benthic species in Biscayne National Monument that 
included gross observations of octocoral distributions. Shortly after, Opresko (1973) surveyed 
octocorals at three inner reef sites adjacent to Biscayne Bay, and Goldberg (1973) documented 
zonation patterns off Palm Beach County. In 1977–81, the National Park Service (NPS) 
partnered with the Florida Department of Natural Resources (FDNR, which is now Florida Fish 
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and Wildlife Conservation Commission) to study the impacts of visitor usage on reefs in 
Biscayne National Park and installed eight permanent monitoring stations (Tilmant 1981; 
Tilmant and Schmahl 1981; Jaap 1984).  Reef sites established for this study were resurveyed in 
2006–2007 to assess long-term changes in fish (Kellison et al. 2012) and in 2009 for stony corals 
(Dupont et al. 2008), and 2008 for foraminifera (Ramirez 2008); however, the octocoral 
assemblages were not reassessed.  
In this study I compared archived gorgonian data collected annually from 1977–81 by 
FDNR and NPS [prior to the massive declines of scleractinian corals reported in the literature 
(Porter and Meier 1992)] with data collected at the same sites in 2016 [collected after decades of 
major disturbances and substantial increases in recreational use (Harlem et al. 2012)  (Fig. 3.1)]. 
The 1977–81 gorgonian data was transcribed directly from the original field datasheets. The first 
objective was to retroactively establish a baseline for octocoral assemblages on reefs of BNP 
based on data collected in 1977–81. The second was to characterize changes in the distribution, 
abundance, and composition of octocoral assemblages on BNP patch reefs over time.   
 
Figure 3.1. Decadal-scale timeline of several major disturbances that have resulted in significant 
loss of stony coral cover in BNP from 1970–2010 (Jaap 1984, Gardner et al. 2005).  Red arrows 
mark study periods used in this paper. 
El Niño bleaching
Cold-water
White band disease
El Niño bleaching
Sea urchin die-off
El Niño bleaching
El Niño bleaching
Hurricane Andrew
El Niño bleaching
Hurricane Georges
Black-water 
Multiple hurricanes
Bleaching
Cold-water
2014-2016 
El Niño bleaching
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3.3 Methods 
3.3.1 Study area 
Eight patch-reef sites in BNP (Fig. 3.2) were originally sampled by NPS and FDNR to 
assess recreational impacts to coral reefs in 1977–81 (Tilmant and Schmahl 1981; Jaap 1984; 
Dupont et al. 2008).  Reef sites were selected in pairs based on sites having similar attributes 
(i.e., depth, size, topographic relief, community structure, and location) (Table 3.1). Sites are 
located 3–7 km from shore in depths < 5 m between two main passes/inlets into Biscayne Bay 
(Sands Cut and Caesar’s Creek) east of Elliott Key. These reef sites were considered 
representative of patch reefs in BNP (Tilmant and Schmahl 1981). Six of these sites were 
resurveyed in 2016; Star and Star Control were not resurveyed because of logistical constraints.    
 
Figure 3.2.  Locations of reef sites established in Biscayne National Park 1977–81 and 
resurveyed in 2016.   
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Dome and Dome Control (Fig. 3.3A, B) are high-relief patches located southeast of 
Sands Cut on the edge of Hawk Channel and typically have high turbidity from tidal exchange 
with Biscayne Bay compared to other reefs. The Schooner pair (Fig. 3.3C, D) are low-relief 
hardbottom patches protected from bay waters by Elliott Key and from ocean currents by outer 
bank-barrier reefs (i.e., Ajax and Pacific reefs). The Elkhorn pair (Fig. 3.3E, F) are east of 
Caesar’s Creek in the southern portion of the park west of a break in the outer reef line. As such, 
these reefs are exposed to both bay waters and increased wave energy from open ocean. Basic 
site attributes, including reef size, relief, depth range, hydrodynamic influences, visibility, 
FoRAM index, and percent mud are provided in Table 3.1.   
Figure 3.3. Representative photographs of each reef site A) Dome, B) Dome Control, C) 
Schooner, D) Schooner Control, E) Elkhorn, and F) Elkhorn Control taken in 2016.   
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Table 3.1. General attributes for study sites.  Site coordinates are presented in decimal degrees (Jaap 1984).  Percent mud and FoRAM 
Index (FI) values are from Ramirez (2008) 
Site Dome Dome 
Control 
Star* Star* 
Control 
Schooner Schooner 
Control 
Elkhorn Elkhorn 
Control 
Latitude (N) 25.4481 25.4496 25.4100 25.4015 25.3989 25.3972 25.3630 25.3592 
Longitude (W)  -80.1586 -80.1586 -80.1513 -80.1559 -80.1605 -80.1604 -80.1659 -80.1667 
Size(km2) 3 3 7 8 3 3 38 33 
Depth range 
(m) 
1–4 1–4 2–4 2–4 1–3 1–3 1–5 1–5 
Relief high high high high low low intermediate intermediate 
Visibility turbid turbid clear clear clear clear clear clear 
Mud (%) 4–10 4–10 0–4 0–4 0–4 0–4 0–4 0–4 
FoRAM index 3.6 3.1 3.6 4.0 4.0 5.1 6.4 5.1 
Hydrodynamic 
influence 
protected; 
tidal 
currents 
protected; 
tidal 
currents 
protected; 
surge 
protected; 
surge  
protected; 
surge 
protected; 
surge  
exposed; 
tidal and 
surge 
exposed; 
tidal and 
surge 
*Not sampled in 2016        
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3.3.2 Historical (1977–81) field sampling 
In 1977, one to three 25 m transects were positioned from north to south on each reef, 
marked with stainless steel or copper-clad pins, then hand-drawn maps were created by FDNR 
and NPS research staff. Sample size of 20 linear meters was determined to be adequate using 
species-area curves. Number of transects was determined based upon reef zonation. One transect 
was positioned in each zone. Elkhorn and Elkhorn Control are large reefs with three zones:  
octocoral zone, elkhorn zone, and reef-flat zone. Dome and Dome Control are small reefs (Table 
3.1) with a buttress zone on the west side and an octocoral zone in the center. Schooner and 
Schooner Control, small homogenous low-relief patches, were sampled along one central 
transect the first year. In 1978, permanent transect markers were installed and an additional 
transect was added at Schooner and Schooner Control. Repetitive sampling was conducted 
annually through 1981. Octocoral species with holdfasts intersecting the line were identified to 
species level and enumerated per meter along the first 20 m of each transect annually. Voucher 
samples were collected to verify all difficult to identify species. In addition, benthic cover of 
major taxonomic groups (i.e., stony coral, octocoral, sponge, macroalgae, hydrocoral, zooanthid, 
and substrate) was recorded along each transect as total intercept length (cm).  Benthic cover 
data were only available from the archives for 1977 and included encrusting species.   
3.3.3 2016 field sampling 
For sites resurveyed in 2016, I relocated the permanent markers at each site using site 
coordinates (Table 3.1) and original hand-drawn site maps (Appendix B). Two 20 m transects 
were sampled at each site using the line-intercept methods established in the original study.  
Total octocoral species abundance and benthic cover of major taxonomic groups were recorded 
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along each transect. Unidentifiable species were verified microscopically in the lab from a <5 cm 
branch clipping.    
3.3.4 Statistical analysis 
Prior to analyses, all data (historic and 2016) were transcribed from the original field 
datasheets, entered into spreadsheets, and imported into a Microsoft Access database where they 
were reformatted to ensure consistency in species names/codes across studies (Table 3.1). 
Commonly confused species were grouped to reduce inter-observer variability. Encrusting 
species were not included in the original abundance surveys because of the difficulties in 
enumerating them along a linear transect and were only included in benthic cover surveys; 
therefore, they were excluded from the cross-study comparison. Summary statistics were 
generated for each site and year including total abundance, relative abundance, diversity and 
percent benthic cover (Appendix A). Diversity was analyzed using traditional indices (i.e., 
species richness, Shannon-Weiner, and Pielou’s Eveness Index). Univariate and multivariate 
analyses were performed using PRIMER-E v7 software (Plymouth Routines in Multivariate 
Ecological Research with the PERMANOVA add-on package) and MATLAB Fathom Toolbox 
(Jones 2014). All the multivariate statistical tests performed in this study were considered 
significant using a threshold of α < 0.05 unless indicated otherwise. 
Temporal and spatial variations in the abundance and composition of octocoral 
assemblages were assessed using a three-part multivariate approach based on methods 
recommended by Anderson and Willis (2003): 1) visualize overall patterns, 2) test hypotheses, 
and 3) characterize differences. Multivariate analyses were performed on square-root 
transformed data based on Bray-Curtis resemblance measures. Shade plots were used to 
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determine the appropriate transformation. A square-root transformation to down-weigh the 
importance of numerically abundant species was determined to be the most appropriate for each 
dataset (Clarke et al. 2014).   
Overall similarities in octocoral community structure among samples were first visually 
explored using a robust unconstrained ordination, nMDS (non-metric Multidimensional Scaling). 
The distance between sites in the ordination represents similarity between sites and the stress 
level represents how well the model represents the original unranked data. A stress coefficient of 
<0.05 is considered excellent, <0.1 is good, and <0.2 is acceptable, but should be interpreted 
with caution (Clarke et al. 2014).  
Permutational analysis of variance (PERMANOVA) was selected to test the multivariate 
null hypotheses of no differences among a priori defined groups (i.e., site and year). 
PERMANOVA is a robust nonparametric (i.e., permutation-based) method that can be used to 
analyze compositional data and makes no assumption about the distribution of the data 
(Anderson and Walsh 2013). PERMANOVA only assumes that samples are exchangeable under 
a true null hypothesis and is sensitive to differences among groups. A three-way repeated-
measure PERMANOVA design was selected to test for differences among sites and years with 
year and site as fixed factors and transect as a random factor nested in site. When significant 
results were found in the main PERMANOVA test, post hoc pair-wise testing followed.  Type III 
(conditional) sum of squares was selected with permutation of residuals under a reduced model 
at 999 restarts. Monte Carlo p-values were also calculated because of the small number of 
samples.  PERMDISP routine in Primer-E was used to verify the assumptions of homogenous 
within-group dispersions required by PERMANOVA (Anderson et al. 2008).   
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When significant results were found using PERMANOVA, a Canonical Analysis of 
Principal Coordinates (CAP)-based discriminant analysis paired with an indicator species 
analysis was used to determine which taxa were responsible for variations. Constrained CAP 
ordination is a method that finds the axes that best separate groups using the “leave-one-out” 
(LOO) cross-validation (Anderson and Willis 2003).  The LOO classification success provides 
the percentage of observations that were correctly and incorrectly classified between groups.  
Indicator-species values were calculated for each species using methods of Dufrêne and 
Legendre (1997), which define an indicator species as taxa that occur mostly in one group and 
occur in most sites of that group. Indicator values take into account both the abundance and 
frequency of each species (Dufrêne and Legendre 1997; Jones 2014). Indicator values range 
from 0–100 with values >50 considered as strong indicators (Dufrêne and Legendre 1997).  
Correlation vector bi-plots of the top five indicator-species values and the resulting CAP axes 
were then overlain on the CAP plot and used to identify which species were most characteristic 
of the reef types and sites. Length and direction of the vectors represents strength of the 
correlation in a particular direction.  PERMANOVA, CAP and PERMDISP routines were 
performed with 999 permutations.   
3.4 Results 
3.4.1 Five-year baseline summary (1977–81) 
In total, 8135 octocoral colonies belonging to 29 species (excluding encrusting species) 
within 10 genera were enumerated over a five-year period (1977–1981) from six reef sites in 
BNP (Table 3.2). Octocorals comprised 24–47% of the benthos (Fig. 3.4) according to benthic 
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cover data from 1977. The highest cover of octocorals was 47% at Schooner Control and the 
lowest at Elkhorn 24% (Fig. 3.4) 
Average octocoral abundance varied from 3.4–13.6 colonies per meter among reef sites.  
The lowest densities were counted at Elkhorn (1980) and highest at Schooner (1978). Average 
density (colonies/m) over the five-year time period were lowest at Elkhorn (3.7 ± 0.2) and 
Elkhorn Control (5.1 ± 0.2) reefs and highest at Schooner (9.2 ± 0.4) (Fig. 3.5). When data were 
grouped by year, the highest densities were recorded in 1978, with an overall mean of 7.8 ± 0.3. 
The lowest densities were recorded in 1977 (5.1 ± 0.2).    
Relative abundance data showed five species accounted for 56% of the total assemblage 
of octocorals present at reef sites in BNP during this five-year period: Antillogorgia (previously 
Pseudopterogorgia) americana, Gorgonia ventalina, Eunicea succinea, Eunicea (previously 
Plexaura) flexuosa, and Plexaura homomalla (Fig. 3.4). Overall, plexaurids accounted for 63–
78%, gorgoniids (15–37%) and scleraxonians (0–10%) of species (Fig. 3.5). Elkhorn and 
Elkhorn Control were dominated by gorgoniids, Gorgonia ventalina (21% and 16% respectively) 
and A. americana (20% and 14% respectively). Dome and Dome Control were dominated by 
plexaurid species, E. flexuosa (19% and 18% respectiveyly) and P. homomalla (13% and 15% 
respectively). Dome and Dome Control also had the highest percentage of Pseudoplexaura 
porosa  (10%) of all sites. Schooner and Schooner control were dominated by the plexaurid 
species E. succinea (both sites 17%) (Fig. 3.4).   
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Table 3.2. Inventory of gorgonian species reported during 1977–81 and 2016 in Biscayne National Park.  A species code is provided 
for use in later figures.  Commonly confused species were grouped to eliminate interobserver discrepancies and both grouped and 
ungrouped species counts are included. 
Species Species
Code 1977-81 2016 1977-81 2016 1977-81 2016 1977-81 2016 1977-81 2016 1977-81 2016
Antillogorgia acerosa Aace 1 1 1 1 1 1 1 1 1 1 1
Antillogorgia americana Aame 1 1 1 1 1 1 1 1 1 1 1 1
Antillogorgia bipinnata/kallos Abip/kal 1 1 1 1 1
Briareum asbestinum Basb 1 1 1 1 1 1 1 1
Eunicea calyculata Ecal 1 1 1 1 1 1 1 1
Eunicea clavigera Ecla 1 1
Eunicea flexuosa Efle 1 1 1 1 1 1 1 1 1 1 1 1
Eunicea fusca Efus 1 1 1 1 1 1 1 1 1
Eunicea knighti Ekni 1 1
Eunicea laciniata Elac 1 1 1 1 1 1
Eunicea mammosa Emam 1 1 1 1 1 1 1
Eunicea succinea Esuc 1 1 1 1 1 1 1 1
Eunicea tayrona Etay 1 1 1 1 1 1
Eunicea tourneforti Etou 1 1 1 1 1 1 1 1 1 1 1 1
Eunicea (unknown) Esp 1 1 1
Gorgonia ventalina Gven 1 1 1 1 1 1 1 1 1 1 1 1
Muricea atlantic/muricata Matl/Mmur 1 1 1 1 1 1 1 1 1 1 1
Muricea elongata Melo 1 1 1 1 1 1 1 1 1
Muriceopsis flavida Mufla 1 1 1 1 1 1 1 1 1 1 1
Plexaura homomalla/kukenthali/kuna Phom 1 1 1 1 1 1 1 1 1 1 1 1
Plexaurella dichotoma/fusifera Pldic/fus 1 1 1 1 1 1 1 1 1 1 1
Plexaurella grisea Plgri 1 1 1 1 1 1 1 1
Plexaurella nutans Plnut 1 1 1 1 1 1
Pseudoplexaura crucis Pscru 1 1 1 1 1 1 1 1 1
Pseudoplexaura flagellosa/wagenaari Psfla/wag 1 1 1 1 1 1 1 1 1 1 1 1
Pseudoplexaura porosa Pspor 1 1 1 1 1 1 1 1 1 1 1 1
Pterogorgia citrina Ptcit 1 1 1
TOTAL SPECIES (ungrouped) 29 23(24) 17(19) 24(25) 18(20) 23(26) 17(18) 23(25) 17(20) 18(19) 9(9) 17(19) 16(18)
TOTAL GENERA 9 9 9 9 9 9 9 9 9 10 5 10 9
Shannon Weiner (H') 2.57 2.17 2.58 2.35 2.52 2.51 2.67 2.45 2.23 1.98 2.34 2.29
Pielou's evenness (J') 0.82 0.77 0.81 0.81 0.8 0.88 0.85 0.86 0.77 0.9 0.83 0.83
DO DOC SC SCC EL ELC
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Figure 3.4.  Species percent composition and benthic cover for each site. Species abbreviations 
are noted in Table 3.2. Sub = substratum; Sc = scleractinian; O = octocoral; H = Hydrocoral; Sp 
= Sponge; M = macroalgae; Other = other organisms 
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 Figure 3.5.  Average abundance (col./m) of octocorals for each site and study period. 
Species richness (i.e., number of species) over the five-year period ranged between 17–24 
species, with a park-wide total of 29. The greatest number of species (24) was recorded at Dome 
Control. The lowest number (17) was recorded at Elkhorn Control. Briareum asbestinum was not 
recorded at Elkhorn or Elkhorn Control during the study period. Eunicea clavigera and Eunicea 
knighti were only recorded at the Dome site pair. Pterogorgia citrina was only present at the 
Elkhorn site pair. Evenness values ranged from 0.77–0.85 and Shannon-Weiner values ranged 
from 2.23–2.67. Schooner reef had the highest diversity and evenness values and Elkhorn reef 
the lowest (Table 3.2)  
3.4.2 2016 summary 
In total, 640 octocoral colonies belonging to 29 species within 9 genera (excluding 
encrusting species) were enumerated from data collected during 2016 along transects at six reef 
sites in BNP. Octocoral cover was calculated as 11–32%, with the lowest value at Elkhorn reef 
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and the greatest at Dome reef (Fig. 3.4).  Average octocoral densities ranged from 1.1–3.5 
colonies per meter among reef sites. The highest densities were recorded at Dome Control reef 
and the lowest densities were derived from Elkhorn reef (Fig. 3.5).  
The five most abundant species accounted for 65% of the total assemblage of octocorals 
enumerated at reef sites in 2016: Antillogorgia americana, Plexaura homomalla (includes 
P.kuna and P.kukenthali), Gorgonia ventalina , and Pseudoplexaura porosa. All sites were 
dominated by Antillogorgia americana, which accounted for 24–30% of the octocoral 
assemblages at each site (Fig. 3.4).   
Species richness ranged from 9–20 species, with a park-wide total of 29. The greatest 
number of species was recorded at the Dome site pair. The lowest number (9) was recorded at 
Elkhorn reef. Briareum asbestinum was not recorded at Elkhorn or Elkhorn Control during the 
study period. Eunicea clavigera was only recorded at Dome Reef. Pterogorgia citrina was only 
present at the Elkhorn site pair. Several plexaurid species were absent from reef sites in 2016 that 
were present in the original study, including Eunicea mammosa, Eunicea succinea, Eunicea 
laciniata. Evenness values ranged from 0.77–0.90 and Shannon-Weiner values ranged from 
1.98–2.51. Elkhorn reef had the lowest diversity and Schooner the highest diversity (Table 3.2). 
3.4.3 Long-term comparison (1977–81 VS 2016) 
Multivariate analyses revealed significant differences in abundance and composition of 
octocoral assemblages between sites and years. Visual inspection of the nMDS ordination plot 
generated using square-root transformed species-abundance data showed clear separation 
between site pairs and years. Trajectories in Figure 3.6 highlight the distances between samples 
and supports the hypothesis of distinct octocoral assemblages based on site and year. Elkhorn 
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reef (2016) was distinctly separated from other sites. The stress values in the MDS were low 
(0.1); therefore, was considered to be a good representation of the variation in the data (Clarke et 
al. 2014). Interestingly, at both Dome pair and Elkhorn pair, the 2016 samples plotted more 
closely to 1977 than to 1981 data.  
 
Figure 3.6. Unconstrained non-metric MDS plot of square-root transformed octocoral abundance 
averaged at six reef sites sampled 1977–81 vs 2016 based on Bray-Curtis similarities and joined 
with trajectories across years.  
 
When data were tested for differences using a three-way PERMANOVA, significant 
differences were found in the abundance and composition of octocorals among sites (pseudo-F = 
8.09, p < 0.001) as well as among years (pseudo-F = 7.34, p < 0.001) (Table 3.3). Post-hoc 
pairwise comparisons between sites underscored significant differences in abundance and 
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composition among sites. Dome and Dome Control were not significantly different. Schooner 
and Schooner Control were not significantly different; however, Elkhorn and Elkhorn Control 
were significantly different. When grouped by years, pairwise comparisons revealed no 
differences in abundance and composition from 1978–1981 or between 1977 and 1979; however, 
octocoral assemblages were significantly different between 1977–81 and 2016 (Table 3.4). 
Dispersions of data were tested and found to be homogenous based on deviations from the 
centroid using the PERMDISP routine in Primer-E.   
Table 3.3. Three-way PERMANOVA (site and year as fixed factors with transect as a random 
factor nested in site) results on square-root transformed Bray-Curtis dissimilarities.  Significant 
p-values (alpha = 0.05) are bold with a * 
MAIN TEST               
Source df    SS     MS Pseudo-
F 
P(perm) Unique 
perms 
P(MC) 
year 5 8785 1757.1 7.34 0.001 998 0.001* 
site 5 26858 5371.6 8.09 0.001 995 0.001* 
transect(site) 6 3938 656.30 3.23 0.102 999 0.078 
year x site 25 7144 285.76 1.21 0.134 998 0.137 
yearxtr(si)** 27 6315 233.87 1.15 0.447 999 0.527 
Res 1 203 203                               
Total 69 55424                
 
The CAP constrained ordination further supported the PERMANOVA and nMDS results 
showing clear separation of gorgonian assemblages among sites and years (Fig. 3.7). The CAP-
leave-one-out classification success rate was 81% (trace = 2.55, p = 0.001, m = 4) when using a 
subset of four PCO axes, which explained 83% of the variation when abundance data were 
grouped by site (Fig.3.6A). The CAP ordination (Fig. 3.6A) shows ~70% of the variation in 
species assemblage data on the first two canonical axes. Reef site pairs were commonly confused 
except for the two Elkhorn sites, which had 100% classification success indicating distinct 
differences in assemblages. Indicator values showed the top indicator species that contributed to 
76 
 
 
differences among sites were Pterogorgia citrina, Antillogorgia bipinnata/kallos, 
Pseudoplexaura crucis, Muriceopsis flavida, and Antillogorgia acerosa. Pterogorgia citrina was 
considered a strong indicator (Table 3.5) and was only reported from the Elkhorn site pair (Fig. 
3.6B); P. crucis was correlated with the first canonical axis (-0.50) and most abundant at Elkhorn 
Control reef; A. bipinnata/kallos and A. acerosa were correlated with the first canonical axis in 
the direction of Dome and Dome Control. Abundance data showed that A. bipinnata/kallos  were 
more abundant at the Dome pair than at other sites (Table 3.5). Muriceopsis flavida correlated 
with the second canonical axis and was more abundant at the Schooner sites.   
Table 3.4. PERMANOVA Post-hoc pairwise t-tests for species abundance data (Bray-Curtis 
distance) grouped by year and site. Significant p-values (alpha = 0.05) are bold with a * 
Year Site 
Groups      t P(perm) Unique  P(MC) Groups      t P(perm) Unique  P(MC) 
      perms         perms   
16, 77 2.47 0.002* 999 0.003* DO, DOC 0.92 0.649 3 0.521 
16, 78 3.49 0.001* 999 0.001* DO, EL 3.03 0.329 3 0.003* 
16, 79 4.08 0.001* 999 0.001* DO, ELC 3.04 0.306 3 0.002* 
16, 80 4.16 0.001* 999 0.001* DO, SC 1.84 0.170 6 0.046* 
16, 81 3.77 0.001* 999 0.001* DO, SCC 2.55 0.329 6 0.010* 
77, 78 2.04 0.013* 999 0.011* DOC, EL 4.32 0.340 3 0.001* 
77, 79 1.40 0.127 999 0.159 DOC, ELC 4.30 0.320 3 0.007* 
77, 80 2.12 0.007* 999 0.02* DOC, SC 2.33 0.001* 6 0.015* 
77, 81 1.60 0.04* 997 0.064 DOC, SCC 3.38 0.354 6 0.001* 
78, 79 1.12 0.284 998 0.333 EL, ELC 2.19 0.335 3 0.028* 
78, 80 1.47 0.092 998 0.115 EL, SC 2.43 0.001* 6 0.020* 
78, 81 1.47 0.098 998 0.098 EL, SCC 4.13 0.171 6 0.003* 
79, 80 1.29 0.171 999 0.192 ELC, SC 1.92 0.001* 6 0.049* 
79, 81 1.31 0.182 998 0.185 ELC, SCC 3.64 0.169 6 0.002* 
80, 81 1.15 0.283 999 0.261 SC, SCC 1.19 0.333 6 0.333 
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Table 3.5.  Top 10 indicator species values grouped by site and year with corresponding Pearson 
correlation values.  Indicator values are a measure of a species ability to characterize groups of 
sites and the corresponding p-value measures the statistical significance of that measure.  
*depicts significant p-values at alpha = 0.05 (Dufrêne & Legendre 1997, Jones 2014) 
Species IndVal p-value   group CAP axis 
1 
CAP axis 
2 
Grouped by site             
     Ptcit 92.9 0.001 * ELC -0.5 -0.3 
     Pscru 42.7 0.001 * ELC -0.6 -0.5 
     Mufla 41.1 0.001 * SCC 0.4 -0.8 
     Abip/Akal 38.5 0.014 * DOC 0.5 0.5 
     Aace 34.4 0.002 * DOC 0.7 0.2 
     Pldic/Plfus 32.4 0.001 * SCC 0.4 -0.6 
     Pspor 32.4 0.001 * DOC 0.7 0.5 
     Ecal 31.7 0.006 * DOC 0.8 0.1 
     Esuc 29.8 0.001 * SCC -0.2 -0.7 
     Melo 29.5 0.012 * SCC 0.7 -0.4 
Grouped by year             
    Emam 48.1 0.01 * 77 -0.2 -0.5 
    Pspor 44.9 0.04 * 77 0.0 -0.3 
    Matl/Mmur 43.0 0.01 * 77 0.4 -0.3 
    Esuc 42.6 0.06  78–81 0.4 -0.2 
    Pldic/Plfus 41.6 0.05 * 77 0.3 -0.2 
    Efle 40.3 0.00 * 78–81 0.6 0.0 
    Psfla/Pswag 40.0 0.06  78–81 0.4 0.1 
    Elac 39.9 0.04 * 77 0.3 0.0 
   Etou 39.6 0.04 * 78–81 0.4 0.0 
   Gven 39.0 0.01 * 78–81 0.6 -0.1 
 
The classification success rate was 91.7% (trace = 1.31, p = 0.001, m = 6), which 
explained 91.5% of the variation when data were grouped by year (Fig. 3.7C and 3.7D). The 
1978–81 data were pooled because no significant differences were found between these years 
based on post-hoc PERMANOVA analysis (Table 3.4). According to the confusion matrix, the 
1977 data were confused with 1978–81 data 50% of the time. The 1978–81 and 2016 
observations were successfully classified 100% of the time. Indicator values showed Eunicea 
fusca/tayrona, E. mammosa, Pseudoplexaura porosa, Muricea atlantica/muricata, and E. 
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succinea as the top five species contributing to variation between years (Fig. 3.7D and Table 
3.5).  Plexaurella dichotoma/fusifera, E. flexuosa, Pseudoplexaura flagellosa/wagenaari, E. 
laciniata and E. tourneforti also made significant contributions to differences among years 
(Table 3.5). Eunicea succinea was absent at Dome, Dome Control, Elkhorn, and Elkhorn Control 
in 2016. Eunicea mammosa was strongly correlated with CAP axis 2 contributing to differences 
between 1977 and other years (Fig. 3.7).   
Figure 3.7. Constrained CAP ordination of Bray-Curtis dissimilarities based on square-root 
transformed species abundance for A) site and C) year; corresponding bi-plot vectors of indicator 
species that have significant correlations with the first two canonical axes are shown in B) and 
D).  Species abbreviations are as noted in Table 3.3. 
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3.5 Discussion 
Historical records serve a vital role in assessing the effects, though not necessarily the 
causes, of natural and anthropogenic stressors on benthic communities over time.  Community 
data collected prior to the establishment of long-term monitoring in 1990s is sparse and consists 
primarily of single-year studies at specific sites (Wilkinson et al. 2013). In addition, published 
data focusing on stony coral assemblages has left critical gaps in the historical record, limiting 
our ability to effectively interpret status and trends. However, now that scleractinian cover has 
diminished in many locations globally, researchers have begun to turn their attention toward 
other prominent benthic taxa, including octocorals (Tsounis et al. 2018).    
Several ecological studies have provided evidence that octocorals have higher tolerance 
to perturbations, such as temperature increases (Cary 1914), bleaching (Prada et al. 2010) and 
ocean acidification (Inoue et al. 2013), and recover faster after disturbances (Sánchez and 
Howard 2004; Bartlett 2014) than scleractinian corals (Bayer 1961; Norström et al. 2009; Gabay 
et al. 2013; Ruzicka et al. 2013). Two locations in the Caribbean have reported shifts to 
octocoral-dominated states: 1) fore-reef environments of Florida Keys (Ruzicka et al.2013) and 
2) reef sites in the US Virgin Islands (Lenz et al. 2015). The aim of my study was to compare 
archived species-level octocoral data collected prior to the massive declines in stony coral 
populations (Opresko 1973; Porter and Meier 1992) with a more contemporary dataset collected 
after four decades of frequent disturbances, to assess long-term status and trends of octocoral 
assemblages on patch reef  sites in BNP.   
Despite many common species among sites, multivariate analyses detected significant 
site-based differences in species abundance and composition at the six patch reef sites, including 
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1) a shift in overall composition to more stress tolerant species and 2) a decrease in overall 
abundance. Declines in species abundance at these patch reef sites is not consistent with recent 
reports of increased octocoral abundance on outer reefs of the Florida Keys (Ruzicka et al. 2013) 
and fringing reefs in the US Virgin Islands (Lenz et al. 2015).  A total of 29 species were 
recorded during both studies suggesting that present-day communities are still similar to those 40 
years ago; however, percent composition has changed substantially across all sites.  
Antillogorgia spp. composition more than doubled (16% to 37%), while Eunicea sp. declined by 
nearly half (32% to 18%). These changes in composition are reflective of increased physical 
perturbations such as storms and may be attributed to a number of life history traits and 
morphological adaptations (e.g., mucoidal layers, thickness of branches, calyx structure, polyp 
density, stiffness, and branching patterns) that allow a species to exploit the local environmental 
conditions and promote distribution (Grigg 1972; West et al. 1993; Kim et al. 2004; Sánchez et 
al. 2007).     
Construction of the baseline showed Antillogorgia americana, Plexaura homomalla, E. 
flexuosa, E. succinea, and Gorgonia ventalina were the most abundant species recorded at BNP 
patch reef sites from 1977–81. Plexaurids comprised roughly 70% of the total octocoral 
assemblage, while gorgoniids were roughly 30%. These results are consistent with data presented 
by Opresko (1973) for Red Reef, another patch reef in BNP.  The dominant species have been 
reported as eurytopic in other studies (Opresko 1973, Jaap 1984, Chiappone 1996).   All are 
broadcast spawners, which contributes to the wide-distribution patterns underscored by this 
study.  
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In 2016, the number of individuals recorded along permanent transects declined from 
3.5–13.6 colonies per meter to less than 4 per meter, while the composition shifted from 
plexaurid (e.g., Eunicea sp. and Plexaura sp.) to gorgoniid (e.g, Gorgonia sp. and Antillogorgia 
sp.) dominated on several sites. Gorgoniids are fast growing, flexible, temperature tolerant and 
have various morphological advantages in adverse conditions (Opresko 1973; Kinzie 1973). 
Antillogorgia spp. have several life-history strategies and morphological adaptations that 
promote their success, including high growth rates (~4 cm/yr), high recruitment rates, and 
negatively buoyant larvae that settle quickly  (Gutierrez-Rodrigueza & Lasker 2004). Bayer 
(1961) also reported that gorgoniids have higher respiration rates and are more resistant to high 
temperatures than most other species.  
The Dome site pair, located just south of Sands Cut (Fig. 3.2), are the closest reef sites to 
shore. The sites are influenced by tidal currents from Biscayne Bay and have a higher percent 
mud in the sediments than other sites (Ramirez 2008). Ramirez (2008) also reported a FoRAM 
Index between 2-4 (Table 3.1), which is indicative of conditions borderline unsuitable for 
scleractinian coral growth (Hallock et al. 2003). From 1977–81, Dome and Dome Control were 
dominated by Eunicea flexuosa and Plexaura homomalla (including P. kukenthali). They were 
characterized by greater abundances of Pseudoplexaura porosa and occurrences of less 
frequently recorded species such as Eunicea knighti and Eunicea clavigera. The large polyps and 
high symbiont densities in Pseudoplexaura spp. (Shirur et al. 2014) are a possible advantage in 
more turbid waters. These traits could be beneficial in more turbid waters (Lasker 1981), 
providing the species with the ability to easily switch feeding modes, although this is a topic of 
much needed research (Anthony and Fabricius 2000; Goreau et al. 2000; West and Salm 2003).   
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Schooner and Schooner Control are low relief patches offshore of Elliott, centered 
between Sands Cut and Caesar’s Creek. The Schooner sites had the highest octocoral densities of 
all sites studied in 1977–81, likely a result of the nature of the substratum and moderate wave 
energy (Yoshioka and Yoshioka 1989). Eunicea succinea was the dominant species during the 
baseline study; however, in 2016 it was <3% of the total octocoral assemblage on the reef. 
Species that increased in relative abundance in 2016 data (i.e., A. americana, Eunicea 
tourneforti, E. flexuosa, Plexaurella dichotoma/fusifera, Muricea elongata) have been listed as 
stress tolerant in other studies (Herrera-Moreno 1983, Kinzie 1973, Kaufman 2004). A black 
disease was noted affecting Eunicea tourneforti at all reef sites surveyed in 2016 (Appendix D). 
This disease has been reported in other areas of Florida (pers. comm. Coral Reef Evaluation and 
Monitoring staff), as well as the wider Caribbean (Weil et al. 2016).   
Although Elkhorn sites were designated as “patch reefs” for purposes of the initial study, 
they are more appropriately classified as “transitional” or “intermediate” reefs based on their reef 
morphology, community structure, and more exposed location (Fig. 3.8) (Jaap 1984). The 
assemblages at the Elkhorn sites in the initial study were characterized by greater abundances of 
the gorgoniids, Gorgonia ventalina, Antillogorgia americana, and Pterogorgia spp., while, 
Briareum asbestinum was seldom recorded. Most gorgoniids are morphologically adapted (e.g., 
highly flexible structure) to moderate or high wave energy zones (Wainwright & Dillon 1969; 
Opresko 1973; Yoshioka & Yoshioka 1989). Antillogorgia americana is a known to have a very 
thick mucus layer, which is periodically sloughed off. This is a possible adaptation for dealing 
with high energy zones with high sediment resuspension (Opresko 1973). Pterogorgia citrina is 
usually found in high energy zones like Soldier Key near Safety Valve (Fig. 3.2) or on shallow 
83 
 
 
fore-reefs (Opresko 1973). The species has flat branches with apertures that are slit-like along 
the edges of the branches, which reduces surface area for sediment to accumulate (Opresko 
1973). 
Figure 3.8.  Landsat image depicting the size and morphological differences in transitional patch 
reefs and small dome-shaped patch reefs in Biscayne National Park.  
The shift in the composition of octocoral assemblages on BNP inner reefs documented in 
this study may portend taxonomic homogenization as a response to stress (Aronson et al. 2005; 
McKinney 2006; Burman et al. 2012). A 2003 study of twelve small unnamed patch reefs in the 
same area of Biscayne National Park reported similar octocoral abundances with approximately 
40% of the octocoral population consisting of  Antillogorgia spp. and 17% Eunicea spp. (Kuffner 
et al. 2010). This indicates that the trend toward Antillogorgia dominance likely commenced 
before 2003.   
3.6 Conclusions 
A clear shift in gorgonian composition to more stress tolerant species, primarily  
Antillogorgia americana, has occurred on patch reefs of BNP since the late 1970s. However, 
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because octocoral abundances have declined at these select sites, my study does not provide 
sufficient evidence for a shift from scleractinians to octocorals on patch reef sites, as has been 
reported in the USVI and the outer reefs of the Florida Keys. My study does show, however, that 
species-level information on community structure can provide an indication of changing physical 
and perhaps water-quality conditions over time. With additional knowledge, octocoral species 
abundance and composition could be dependable indicators for environmental conditions on 
reefs. Models could then be developed to predict future changes in octocoral assemblages due to 
environmental influences with targeted new surveys and additional analyses of historical records.   
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4 CLASSIFICATION OF SHALLOW-WATER SYMBIOTIC GORGONIAN GENERA 
FROM HIGH-RESOLUTION ORTHOMOSAIC IMAGERY  
 
4.1 Abstract  
 Gorgonians have been largely underrepresented in research and monitoring efforts for 
decades, primarily because field identification can be challenging and often requires microscopic 
verification by taxonomic experts. As dominant features on many western Atlantic and 
Caribbean reefs, gorgonians influence the overall functioning of the ecosystem. Therefore, 
changes in their composition and structure can greatly impact ecosystem services, such as 
baffling wave action and habitat provisioning. Here I propose a method for identifying 
gorgonians from high-resolution orthomosaic imagery using morphologic characters that are 
visible in images taken from a top-down perspective. Overall classification success was 92% for 
an observer familiar with gorgonian taxonomy and 88% for an observer with no prior knowledge 
of gorgonian taxonomy. This first attempt at developing criteria for macroscopically identifying 
gorgonians from landscape images shows considerable promise. With further development, this 
method has the potential to alleviate difficulties that deter reef monitoring programs from 
incorporating gorgonians in surveys, and fill research gaps by using retrospective analysis of 
archived photographic data. 
4.2 Introduction  
 
 Gorgonians are one of the most visually-prominent groups of organisms of western 
Atlantic and Caribbean reefs. They provide habitat, food, and shelter for a variety of organisms, 
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as well as provide a connection between the benthos and the water column (Tsounis et al. 2018).  
As dominant features on many reefs, changes in their abundance and composition could have 
strong effects on ecosystem services such as wave baffling and habitat provisioning. However, 
species-level field identifications can be time-consuming, tedious, and often require microscopic 
verification by taxonomic experts (Bayer 1961).  Because researchers trained in octocoral 
taxonomy are scarce, gorgonians have been underrepresented in most research and monitoring 
programs and reported only at coarse taxonomic levels (Tsounis et al. 2018). A fundamental 
principle of ecology is understanding how changes in abundance and composition of species and 
interaction among species impact ecosystem functioning. Therefore, a more holistic view of the 
reef community is needed to gain a broader interpretation of this concept. Exploring new 
practical and innovative methods for acquiring information on all reef organisms, including 
gorgonians, is needed (Bayer 1961; Sánchez and Wirshing 2005; Lirman et al. 2007; Tsounis et 
al. 2018).   
 Underwater photographs and digital images capture a wealth of information that can be 
used to answer a wide range of critical ecological questions. In the mid-1970s, researchers began 
investigating these uses and applying close-range photogrammetric techniques for extracting 
quantitative ecological information from benthic-survey images. At that time, 35 mm film 
cameras were in use and post-processing consisted of random-point analysis using picture slides 
and dissecting microscopes or manually tracing and calculating areal cover on printed images 
with transparency overlays. The first attempts at creating photomosaics of entire reef stations, 
which consisted of printing and manually taping together hard-copy pictures to gain a new 
perspective of spatial patterns on reefs, also occurred during this time (Weinberg 1981; Porter 
and Meier 1992). With the exceptional image quality of film, researchers quickly discovered 
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they could successfully map reef areas and accurately retrieve diversity, density, health, and 
percent-cover data from images (Bohnsack 1979; Porter and Meier 1992). These methods are 
also non-destructive, highly repeatable, and cost-effective.  Moreover, collection of photographic 
data greatly reduced field time and the need for scientific divers with taxonomic expertise. 
However, photographic methods at this time were restricted by a small footprint (between 600 
cm2 and 1200 cm2), water transparency, and canopies that concealed the understory (Bohnsack 
1979). They also required  equipment and manual post-processing that led some researchers to 
argue the methods were impractical and expensive, especially in remote situations where film 
labs were not available for processing (Weinberg 1981).   
 By the 1990s, the post-processing limitations of the 1970s were remedied with the 
proliferation of consumer-grade digital cameras and the ability to use computers for digital 
analysis (Figure 4.1). The use of digital photography as a rapid assessment tool and visual record 
to complement in situ field data quickly gained popularity and, by the mid-1990s, newly 
established coral-reef monitoring programs adopted digital photographic methods as standard 
protocol (Rogers et al. 1994; Brown et al. 2004; Hill and Wilkinson 2004).   
 Perhaps the most significant advancement for photo-ecometric surveys (Gong et al. 1999) 
occurred in 1999 with the development of the Scale-Invariant Feature Transform (SIFT) image-
based matching algorithm (Lowe 1999). This algorithm automated the digital image alignment 
process by matching key points between overlapping images. Shortly after the SIFT algorithm 
was published, Florida Fish and Wildlife Conservation Commission’s annual long-term Coral 
Reef Evaluation and Monitoring Program began using customized geospatial software (i.e., 
Ravenview© by Observera located in Washington D.C., USA) that applied SIFT to stitch 
together still transect images into composite photomosaics of full-length 20 m transects (Kupfner 
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and Lybolt 2003). This increased the image footprint from a roughly 30 x 40 cm area to 40 cm x 
2000 cm area and provided a more holistic view of the sampling area (Bohnsack 1979; White 
and Porter 1985). However, resolution was <1 megapixel (MP) with video and between 3–6 MP 
for still cameras (Lenz et al. 2015). Therefore, to accurately identify organisms at these 
resolutions, the camera needed to be roughly 40 cm from the bottom. At this height, the large 
objects often exceeded the field-of-view and field-of-view, which was easily obstructed by tall 
gorgonians. 
 
Figure 4.1. Timeline of the evolution of photogrammetry and related technologic advancements 
(original).  
 More recently, improvements in resolution, automation, and computer-processing power 
have provided opportunities for scientists to create, modify, and expand existing methods in 
ways that were inconceivable 20 years ago. Two-dimensional (2D) images can be used to create 
high-resolution orthorectified 3D models with sub-mm accuracy and the ability to classify 
objects from distances of  >1 m from the bottom (Lirman et al. 2007; Reid et al. 2010; Gintert et 
al. 2012). These methods have proven to be highly practical for monitoring restoration efforts 
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(Neufield and Fundakowski 2019), calculating structural complexity (Dustan et al. 2013; Burns 
et al. 2015; Leon et al. 2015), assessing damage and recovery after a disturbance (Gleason et al. 
2007; Lirman et al. 2010; Gintert et al. 2018), conducting community structure analyses (Lirman 
et al. 2007; Edwards et al. 2017), mapping habitats (Casella et al. 2017), creating time-series 
reconstructions (Lidz et al. 2006; Shinn and Kuffner 2017), and tracking reef-restoration efficacy 
(Neufield and Fundakowski 2019) (Appendix G). Moreover, data collection using photographic 
and video methods have produced unprecedented amounts of archival material that can be 
accessed using enhanced technologies. 
 The possibility of surveying gorgonians from a digital landscape perspective, rather than 
in situ, has not been previously reported. In fact, the only attempts at identifying gorgonians from 
photographic data have been a few retrospective studies in the US Virgin Islands (USVI). 
Published results concluded that, at resolutions of 3.3–6.1 MP, gorgonians >12 cm tall could be 
quantified and resolved to genus level based on existing field descriptors (Lenz et al. 2015; 
Edmunds and Lasker 2016; Tsounis and Edmunds 2017). Given the success of these studies with 
identifications at resolutions <6 MP, I propose that identifications made from imagery with >6 
MP resolution can also yield genus-level resolution.   
 In this study I present an inexpensive, rapid, and practical tool for assessing gorgonian 
assemblages from high-resolution orthomosaics, which eliminates the need for gorgonian 
taxonomy experts in the field. First, a set of photographic identification criteria were developed 
for each genus using external morphologic characters clearly visible in orthoimagery. Second, 
gorgonians were remotely classified in orthomosaic images, and then compared to reference data 
taken in situ by experts at the same time as images were taken to determine classification 
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success. Lastly, I discuss advantages and limitations of using landscape imagery for gorgonian 
ecological research.  
 
4.3 Methods 
4.3.1 Site selection 
 
 Data were collected in August 2016 at four shallow (2–6 m) patch reef sites in the 
southern portion of Biscayne National Park (BNP), Florida, located at the northern extent of the 
Florida Keys Reef Tract (Fig. 4.2). Permanent stainless-steel markers were installed at these sites 
in 1978 and relocated using archived site maps and coordinates. Sites were selected for this study 
based on seawater conditions and community structure to ensure good image quality and all 
gorgonian genera were represented in the analysis (Table 4.1). Elkhorn (EL; 25.3630N, -
80.1659W) is an exposed linear patch reef with low gorgonian density (~7 colonies/m2), low 
diversity (9 species), and low percent gorgonian cover (11%). Elkhorn Control (ELC; 25.3592N, 
-80.1667W) is an exposed linear patch reef just south of EL with high gorgonian density (~25 
colonies/m2), high diversity (18 species), and high percent gorgonian cover (22%). Schooner 
(SC; 25.3989N, -80.1605W) is a patch reef protected from open ocean by Ajax Reef to the east 
and protected from the waters of Biscayne Bay to the west by Elliot Key. This site has high 
gorgonian density (~27 colonies/m2), high diversity (18 species), and high percent gorgonian 
cover (19%). The fourth site, designated as the training site (TS; 25.3972N, -80.1604W) for 
gorgonian classification, is a protected patch reef with high density (~29 colonies/m2), high 
diversity (20 species), and high percent gorgonian cover (23%).   
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Figure 4.2. Map of study area located in Biscayne National Park, Florida, USA with 
representative images of each site. EL=Elkhorn Reef, ELC=Elkhorn Control Reef, SC=Schooner 
Reef, and TS = the training site used for developing identification criteria and training observers.   
 
 
 
 98 
 
Table 4.1. Basic environmental conditions, community structure, orthomosaic construction 
parameters, and number of tagged colonies for each of the three sites (EL, ELC, SC) and training 
site (TS) used for classification accuracy assessment 
 
4.3.2 Data acquisition 
 4.3.2.1 Station set-up 
At each site, permanent station markers were located using hand-drawn historic reef 
maps and coordinates. A rectangular plot (6 m x 20 m) was established in a north to south 
direction using three metric tapes. This survey design was selected to maximize coverage, while 
taking into consideration collection and post-processing time and is also the standard size often 
used by coral reef monitoring programs (Wheaton et al. 1996). A 20 m center line was placed 
between the permanent stakes and two boundary transects placed three meters from the center on 
each side. Several PVC scales bars (0.5 m and 1 m) were systematically placed throughout each 
Site EL ELC SC TS
Maximum depth (m) 2.4 3.3 3.7 4.3
Conditions at collections clear; current clear; current clear calm clear calm
Camera distance from bottom 
(m)
2.3 3.0 2.0 2.0
Ground resolution (mm/pixel) 1.0 1.2 0.8 0.8
Projection error (pixels) 1.2 1.8 1.4 1.5
Acquisition time (min) 13:09 9:40 16:20 10:15
# tagged colonies 109 56 230 80
Area covered (m2) 120 120 120 120
# gorgonian species 9 18 18 20
Gorgonian density 
(colonies/m2)± standard error
6.9 ± 1.4 25.0 ± 1.4 27.3 ± 2.4 29.2 ± 2.5
Percent cover 
     Gorgonians
     Scleractinians
     Macroalgae
     Sponges
     Hydrozoans
     Other
     Substratum
Gorgonian Size-class Frequency
      0-4 cm
      4-10 cm
      10-50 cm
      >50 cm
57%
18%
11%
2%
1%
11% 0%
45%
9%
19%
4%
4%
18%
1%
38%
16%
22%
4%
3%
16%
1%
21%
8%
23%
2%3%
39%
4%
0
20
40
60
80
100
0
20
40
60
80
100
n=107
0
20
40
60
80
100
0
20
40
60
80
100
n=53 n=96 n=142
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station to help reduce distortion and improve spatial accuracy of the orthomosaics, as well as aid 
the photographer in navigating through the sampling area (Fig. 4.3).   
Figure 4.3. Schematic of station set-up including permanent stakes, 1 m and 0.5 m scale bars, 
and boundary tapes. 
 4.3.2.2 Field data 
In situ field data were collected to provide an overview of the basic community structure 
(i.e., percent cover and size-class distributions) at each site and used to validate gorgonian 
abundance from 40 cm photoquadrat data. Gorgonian species abundance and benthic cover were 
recorded along the transect line using the line-intercept method (see Chapter 3). Only gorgonians 
with holdfasts under the line were recorded. Density and size-class of gorgonian genera were 
also collected in haphazardly placed 0.12 m2 (40 cm x 30 cm) quadrats to gain a general idea of 
size structure on each reef site. Colonies were assigned to one of four height categories: 0–4 cm, 
4–10 cm, 10–50 cm and > 50 cm. The first two categories, 0–4 cm and 4–10 cm, included young 
colonies and the latter two categories, 10–50 cm and >50 cm, included the adult colonies (Lasker 
and Coffroth 1983).   
4.3.2.3 Image acquisition 
 Digital images were collected at two spatial scales at each study site using GoPro Hero 
Silver cameras (12 MP resolution, narrow field-of-view). GoPros were selected for this study 
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because they are low cost and have image quality comparable to a DSLR camera (Gintert et al. 
2012). Close-up photos were taken at a 40 cm height from the bottom every 0.5 m along the 
center line and of the ten haphazardly placed photoquadrats (Figure 4.4).  A 40 cm camera 
distance was selected because it is the standard height used in the local coral-reef research and 
monitoring programs (Wheaton et al. 1996). This height was established in the mid-1990s as the 
best compromise between area and ground resolution for classification purposes (Wheaton et al. 
1996).   
 Photogrammetric surveys used for orthomosaic construction were performed using a 
two-GoPro Hero Silver action camera system with custom mount: one was set to capture stills at 
one frame per second and the second camera was set to video capture (Figure 4.5).  To 
effectively construct orthomosaics there must be 1) 60 to 80% forward and lateral overlap 
between swim passes, 2) sufficiently slow swim speed to prevent blur (approximately 10–12 
seconds per meter at a distance of 2 m from the bottom), and 3) adequate height from bottom to 
reduce obstructions in the field of view (Gintert et al. 2008). Therefore, the cameras were 
positioned side by side on a custom designed mount with bubble levels and depth gauge to help 
the diver maintain a constant depth (Figure 4.5). Images were collected using a double 
lawnmower swim pattern to ensure enough forward and lateral overlap at a swim height between 
2–3 m (Figure 4.6). At this distance from the bottom, images were captured with a one-meter 
wide field-of-view and sub-mm resolution (Leujak and Ormond 2007; Lirman et al. 2007). This 
height also ensured the field-of-view was clear of obstructions from tall objects such as 
gorgonians. 
 101 
 
Figure 4.4 A) Positions of photographic sampling locations taken B) within haphazard photoquadrats and C) along the center transect 
line at 40 cm with samples of areas relocated in mosaic images D and E, respectively.  Images taken at Schooner Reef in Biscayne 
National Park, Florida, USA in 2016. 
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Figure 4.5 Customized two-camera GoPro mount used to collect high-resolution digital images. 
 
Figure 4.6.  Top-down view of swim pattern used to capture images for orthomosaics. 
4.3.3 Image processing 
 4.3.3.1 Orthomosaic construction 
 Orthomosaics for this study (Fig 4.7) were constructed by University of Miami’s RSMAS 
Reid Imaging Lab using published algorithms (Gracias and Santos-Victor 2001; Lirman et al. 
2007; Gintert et al. 2008), as 3D applications were not necessary. Orthoconstruction was 
originally developed for processing video; however, the original algorithm has undergone three 
generations of modifications and now works effectively for both still and video-captured images.  
The first generation composites built with video were black and white with 3–5 mm/pixel 
benthic resolution (Lirman et al. 2007). The second generation used a combination of video and 
registered still images resulting in benthic resolution 0.5 mm/pixel for the still images and 2.0 
mm/pixel for the video (Gintert et al. 2008). The third and current-generation orthoconstruction 
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now requires only one still camera and results in sub-mm benthic resolutions (Gintert et al. 
2012).  Third-generation orthomosaics can be constructed with the same resolution of the 
original still images or downsized (image size reduced by ½ on each side) for faster processing 
speed. The general workflow used for orthomosaic construction in this study included the 
following (Lirman et al. 2007):   
• Point matching. Camera position and orientation for each image were roughly estimated 
using the process of image triangulation, which matched points between images (also 
called tie points) and built a sparse-point cloud.   
• Global alignment. Ground-control targets and scale bars were used to refine camera 
positions and reduce distortions. Refined camera positions were then used to generate 
depth maps and produce a dense-point cloud. 
• Texturizing and Blending. Representative pixels were selected from the images to 
preserve texture of objects and reduce artefacts. The closest pixels to the center of the 
frame are selected; therefore, removal of poor quality or blurred images prior to blending 
is highly recommended.   
• Image enhancement. Image enhancements can be performed before, during, or after 
orthomosaic construction to improve alignment and image quality. Color correction is 
often built-in to the mosaicking algorithm used by most software programs.   
 4.3.3.2 Ground-control reference tagging 
Close-up 40-cm abundance counts were tested for significant differences from in situ 
field counts and no difference was detected (ANOVA df = 1, F-statistic = 0.04, p-value = 
0.94); therefore, 40-cm images were determined to be suitable as reference data for tagging 
images.  Gorgonians clearly visible in the 40 cm images were tagged and then relocated in the 
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three orthomosaic images (Figure 4.4B–E). To aid relocation, location along the meter tape 
was recorded and features such as stony corals or scale bars that were easy to identify at 40 cm 
were noted and used as control points for relocation in the orthomosaic images. When unable 
to relocate, the reason for inability to relocate was noted as 1) in shadows, 2) recruit or small 
colony <5 cm, 3) canopy cover, or 4) mosaic blending.  
4.3.4 Image analysis 
4.3.4.1 Development of classification criteria  
 A variety of systematic characters are commonly used to delineate and classify organisms 
from photographic data, including tone or color, colony form, relative size, pattern, and texture 
(Sánchez and Wirshing 2005; Morgan and Gergel 2010). To guide development of digital 
classifications of gorgonians from images, ten colonies were tagged from each genus at a 
designated training site and a standard description of observable characters was recorded. Eight 
criteria were outlined using a combination of the recorded characteristics from the training site 
and collective descriptions of external macroscopic characters provided in the literature (Bayer 
1961; Sánchez and Wirshing 2005; Santavy et al. 2013) (Table 4.2 and Figure 4.8). In addition, a 
flow-chart key for top-down photographic identifications was adapted from the field key 
provided by Sánchez and Wirshing (2005) (Figure 4.9). Much of the same descriptive 
terminology was used from the field key created by Sánchez and Wirshing (2005); however, the 
observable criteria presented in Table 4.2 are based on a new top-view perspective and do not 
include tactile descriptors, such as “slimy”, or fine-scale descriptors, such as aperture shape and 
calyx structure.  Nonetheless, the latter two, aperture shape and calyx structure, are typically 
visible in close-up images taken at 40 cm. 
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Figure 4.7. Landscape mosaics of each site constructed from high-resolution 12 MP GoPro 2D still images. Site attributes are provided 
in Table 4.3. BNP imagery acquired in August 2016.        
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Table 4.2. Criteria used to develop standard descriptors of morphologic characters observable 
from photographic data. 
 
 
Criteria Descriptors Definition 
colony form unbranched digitate; single stem rising from base 
plume feather-like branching pattern 
fan net-like branching in one plane 
candelabrum branching in one plane 
bush multidirectional branching 
calyx 
structure 
visible  texture is apparent in image; pronounced tube or lip 
not visible smooth appearance or too small to see in image 
branches long ascending branches with branches > 50% branch height 
short branches < 50% of branch height 
branch 
thickness 
thin relative to tape, quadrat, or scale bars; less than 3 mm 
moderate  relative to tape, quadrat, or scale bars; 3-5 mm  
thick relative to tape, quadrat, or scale bars; >5mm 
branch 
separation 
touching branchlets are connected or rubbing with little space 
between 
separated branchlets have clear space between; not rubbing 
branch tip exposed appear bare when polyps are extended 
not exposed do not appear bare when polyps extended 
tapered  branches become smaller at the tip 
not tapered bulbous or same width as the branch 
color several assumes color corrected images used for analysis 
tone light  tans, light grays, white, yellow, orange 
dark browns, blacks, dark purples 
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Figure 4.8. Examples of criteria used to delineate and classify gorgonians from top-view images (Table 4.2).  A) colony form: 1-sea 
fan, 2-bush, 3-candelabrum, 4-plume;  B) calyx structure: 1-visible, 2-not visible;   C) branch length: 1-short, 2-long; D) branch 
thickness: 1-thick, 2-moderate, 3-thin; E) branch separation: 1-rubbing, 2- separated; F) branch tip: 1-exposed, 2-not exposed; G) 
color: 1- purple, 2-brown, 3- orange or amber, 4-tan; H) tone: 1-light, 2-dark. 
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Table 4.3 Descriptions of morphological criteria used for photographic identification of each genus from ~2–3 m above the bottom.  
Genera Common species Representative Photo
Antillogorgia Colony Form: plumose; pinnules on 
opposite sides of branch
Branch length: varies
Branch thickness: very thin
Branch separation: clearly separated
Branch tips:  sometimes visibly tapered
Calyx structure: smooth not visible
Color: Purple to beige
Tone: mostly light
A. acerosa
A. americana
A. bipinnata/kallos
A. rigida
Eunicea 1 Colony Form: bushy rod
Branch length:  varies
Branch thickness: moderate
Branch separation: clearly separated
Branch tips: not tapered; not exposed
Calyx structure: Low calyx not usually visible in 
photo
Color: tan, gray, or purple
Tone:  varies
E. flexuosa
E. fusca
E. tayrona
E. knighti
E. calyculata
Eunicea 2 Colony Form: candelabrum
Branch length:  Terminal branches 
>50% of colony height
Branch thickness: thick
Branch separation: clearly separated
Branch tips: same width as branch
Calyx structure: visible lip or tubular 
Color: Dark- brown, black,tan, gray
Tone: medium to dark
E. tourneforti
E. mammosa
E. laciniata
E. succinea
E. calyculata
Gorgonia Colony Form: fan
Branch length: short
Branch thickness: thin
Branch separation: connected
Branch tips: connected
Calyx structure: not visible
Color: Purple
Tone: medium
G. ventalina
Muricea Colony Form: candelabrum or bushy
Branch length: End branches short
Branch thickness: thin-moderate
Branch separation: rubbing
Branch tips: tapered and lighter than branch
Calyx structure: crowded, sharply pointed lower 
lip often visible.
Color: Pale yellowish-brown (amber) to orange.
Tone: light
M. atlantica/muricata
M. elongata
Muriceopsis Colony Form: plumose;  pinnules all 
around the axis
Branch length: short relative to stem
Branch thickness: thin to moderate
Branch separation: clearly separated
Branch tips: not tapered; not exposed
Calyx structure: smooth not visible
Color: reddish purple
Tone: dark
Notes: Similar to Antillogorgia  species, but with 
cylindrical branchlets that arise all around main 
branches, not just in one plane.
Mu. flavida
Morphological criteria used for photo-identification
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Table 4.3 (continued)  
Genera Common species Representative Photo
Plexaura Colony Form: bushy
Branch length:  short relative to branch 
height
Branch thickness: thin to moderate
Branch separation: clearly separated
Branch tips: not tapered; not exposed
Calyx structure: raised bumps
Color: dark-brown with tan polyps
Tone: dark
Notes: P. kukenthali  is the exception and has 
light color and very thin branches
P. homomalla
P. kukenthali
P. kuna
Plexaurella Colony Form: bushy to sparse
Branch length: long ascending
Branch thickness: thick
Branch separation: clearly separated
Branch tips: exposed
Calyx structure:  Slit-like. Calices separated
Color: Light brown, yellow-brown, gray
Tone: light
Pl. dichotoma/fusifera
Pl. grisea
Pl. nutans
Pseudoplexaura Colony Form: bushy
Branch length: long-ascending
Branch pattern: dichotomous
Branch thickness: moderate
Branch separation: separated
Branch tips: when polyps extended  tips appear 
exposed and may  have purple dot at tip
Calyx structure: smooth not visible
Color: Light colors-greenish yellow, grey 
Tone: light
Ps. crucis
Ps. flagellosa/wagenaari
Ps. porosa
Pterogorgia Colony Form:whip
Branch length: long-ascending from 
base
Branch pattern: irregular
Branch thickness: thin
Branch separation: separated
Branch tips: tapered
Calyx structure: smooth not visible
Color: Dark purple, yellow, yellow and purple, 
dark pink
Tone: light w/ dark edges
Notes: Pt. citrina  often small and not visible 
from mosaics
Pt. anceps
Pt. citrina
Briareum 
(only digitate form)
Colony Form:  digitate;One to several 
upright, unbranched rods
Branch length: variable; Arising from 
base
Branch thickness: thick
Branch separation: separated 
Branch tips: not tapered; often purple and 
appear exposed
Calyx structure: very small smooth 
Color: Purple, purplish gray, or with some tan; 
polyps brown, grayish- or greenish brown. 
Tone: medium
Notes: Looks "fuzzy" because of large polyps
B. asbestinum
Morphological criteria used for photo-identification
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Figure 4.9. Flow chart key for the photographic identification of shallow-water symbiotic 
gorgonians from top-down perspective (format and descriptors adapted from Sánchez and 
Wirshing 2005).
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Figure 4.10. Representative images of each genus taken at (left) 40cm and the same colony taken 
at (right) ~2 m from the bottom: A) Antillogorgia, B) Muriceopsis, C) Gorgonia, D–E) Eunicea 
1, F–I) Eunicea 2, J–K) Plexaura, L–M) Muricea, N–O) Plexaurella, P–Q) Pseudoplexaura, R) 
Pterogorgia. 
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4.3.4.2 Classification  
Two observers, one familiar with gorgonian taxonomy and one undergraduate student 
with no prior knowledge of gorgonian identification, separately classified tagged colonies in 
orthomosaic images based on the classification criteria generated in Table 4.2. The observer 
with no prior knowledge was provided with a brief (10–15 minute) identification training 
session, morphologic descriptors for each genus (Table 4.3), a flow-chart identification key 
(Figure 4.9), and representative images (Figure 4.10) to aid with classifications. Colonies were 
identified to genus level by both observers. Of the ten genera recorded at the three sites, 
Pterogorgia and Briareum were recorded in in situ surveys, but not relocated in the 
orthomosaics; therefore, classification accuracy assessments were based on the following eight 
genera: Antillogorgia, Eunicea, Gorgonian, Muricea, Muriceopsis, Plexaura, Pseudoplexaura, 
and Plexaurella.   
 4.3.4.3 Classification accuracy assessment 
 Classification accuracy was assessed by comparing remotely sampled orthomosaic 
identifications with the 40-cm close-up reference data using a confusion matrix (also referred 
to as an error matrix) (Congalton 1991; Foody 2002). Overall classification accuracies, 
Cohen’s Kappa coefficient, and misclassification errors were calculated 1) for each observer 
and 2) between observers.   
Columns of the confusion matrix represent the reference data and rows represent the 
classification from the mosaic imagery. The diagonal cells of the matrix are the tagged 
colonies correctly identified from the orthomosaic imagery. Overall accuracy, the proportion 
of tagged colonies identified correctly in the mosaic images, was computed by summing the 
diagonals in the matrix and dividing by the total classifications. Off-diagonal cells of the 
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confusion matrix provide information on underestimations (omission errors)  and 
overestimations (commission errors) for each genus. Total omission errors are the sum of off-
diagonal values in each row. Total commission errors are the total of the off-diagonal values in 
each column. User’s Accuracy (UA) is calculated by dividing the number of correct 
classifications by the total classified in each row, or overall accuracy for each genus.  
Producer’s Accuracy (PA) is calculated by dividing the number of correct classifications by 
the total classified in each column. Together the UA and PA provide information on 
misclassifications between genera.  
 Cohen’s Kappa coefficient was also calculated to accommodate the effects of chance 
agreement (Ben-David 2008). Po is the total agreement probability (overall accuracy). Pe is the 
agreement due to chance. Kappa is the overall accuracy minus the random agreement divided 
by 1 – random agreement. Kappa is calculated as follows: 
K =
Po − Pe
1 − Pe
 
A Kappa of one indicates the reference data and classified data are in total agreement. The 
target for acceptable overall accuracy selected for this study was 85%, which is the suggested 
target used for classification of land-cover applications (Thomlinson et al. 1999). Additional 
sampling is recommended for accuracies less than the targeted value.   
4.4 Results 
4.4.1 Reference data 
 A total of 395 colonies were tagged in the 40 cm reference data and 352 (89%) were 
relocated in the orthomosaics (Figure 4.11). Of the 43 colonies not relocated in the mosaic, 20 
were small recruits or juveniles (< 5 cm), 13 were lost during blending of the mosaic, 9 were 
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hidden under the canopy of larger colonies, and 1 was hidden in the shadows (Figure 4.12). The 
most abundant genera at the three sites were Antillogorgia and Eunicea, which together 
comprised 53% of the total tagged colonies. Muriceopsis was the least abundant in the sampling 
area with only five tagged colonies.   
 
 
Figure 4.11. Total colonies identified in 40 cm reference data vs orthomosaics.   
 
 
Figure 4.12. Reasons tagged colonies were not able to be relocated in mosaics.   
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4.4.2 Classification success 
 Observer 1 had an overall classification success rate of 92% with a Kappa coefficient of 
0.90, which accounted for approximately 20% chance agreement (Table 4.4). Individual 
accuracies for Antillogorgia (98%), Eunicea (96%), Gorgonia (100%), Plexaura (86%), and 
Plexaurella (87%) were higher than the target threshold of 85%. Individual accuracy for Muricea 
was 71%, with four misclassifications as Eunicea and one misclassification as Antillogorgia. 
Individual accuracy for Pseudoplexaura was 83%, just below the target threshold, and was most 
commonly misclassified as Eunicea. Individual accuracy for Muriceopsis was the lowest at 40%. 
Only five colonies of Muriceopsis were tagged and two were misidentified as Antillogorgia and 
one as Eunicea.   
 Observer 2 had an overall classification success rate of 88% with a Kappa coefficient of 
0.848, which accounted for approximately 20% chance agreement (Table 4.5).  For Antillogorgia 
(98%), Eunicea (88%), Gorgonia (95%), and Muricea (94%), individual accuracies exceeded the 
target threshold of 85% . Individual accuracy for Plexaura was 79%, with five misclassifications 
as Eunicea and one misclassification as Antillogorgia.  Individual accuracy for Plexaurella was 
70%, with four misclassifications as Eunicea and three misclassifications as Pseudoplexaura.  
Individual accuracy for Pseudoplexaura was 81%, with six misclassifications as Eunicea, one 
misclassification as Plexaura, and two misclassifications as Plexaurella. The lowest 
classification success was once again for Muriceopsis at 20%, which was confused with 
Antillogorgia, Plexaura, and Eunicea.   
 Overall agreement between the two-observers was 90% (including both correct and 
incorrect classifications) with a Kappa coefficient of 0.86, which accounted for approximately 
21% chance agreement (Table 4.6).  Observers 1 and 2 consistently agreed on Antillogorgia 
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(99%), Gorgonia (95%), Muricea (100%), and Plexaura (86%).  The observers exceeded 80% 
agreement for Eunicea (84%), Plexaurella (83%), and Pseudoplexaura (81%).  However, 
Observer 2 disagreed with Observer 1 on 38 classifications: 1 Antillogorgia, 19 Eunicea, 2 
Gorgonia, 0 Muricea, 1 Muriceoposis, 4 Plexaura, 4 Plexaurella, and 7 Pseudoplexaura.  
Table 4.4.  Confusion matrix for classifications by Observer 1.  
 
Table 4.5.  Confusion matrix for classifications by Observer 2.  
 
 
 
 
 
 
 
 
 
Observer 2 n 1 2 3 4 5 6 7 8 UA (%)
1. Antillogorgia 90 88 0 0 1 0 1 0 0 98%
2. Eunicea 100 0 88 0 1 0 6 2 3 88%
3. Gorgonia 41 1 1 39 0 0 0 0 0 95%
4. Muricea 17 1 0 0 16 0 0 0 0 94%
5. Muriceopsis 5 2 1 0 0 1 1 0 0 20%
6. Plexaura 28 1 5 0 0 0 22 0 0 79%
7. Plexaurella 23 0 4 0 0 0 0 16 3 70%
8. Pseudoplexaura 48 0 6 0 0 0 1 2 39 81%
PA(%) 352 95% 84% 100% 89% 100% 71% 80% 87% 88%
Po 0.88
Pe 0.20
Kappa Coefficient 0.85
Kappa error 0.02
Reference Data
Observer 1 n 1 2 3 4 5 6 7 8 UA (%)
1. Antillogorgia 90 88 1 0 0 0 1 0 0 98%
2. Eunicea 100 0 96 0 0 0 3 0 1 96%
3. Gorgonia 41 0 0 41 0 0 0 0 0 100%
4. Muricea 17 1 4 0 12 0 0 0 0 71%
5. Muriceopsis 5 2 1 0 0 2 0 0 0 40%
6. Plexaura 28 0 4 0 0 0 24 0 0 86%
7. Plexaurella 23 0 2 0 0 0 0 20 1 87%
8. Pseudoplexaura 48 0 7 0 0 0 0 1 40 83%
PA(%) 352 97% 83% 100% 100% 100% 86% 95% 95% 92%
Po 0.92
Pe 0.20
Kappa Coefficient 0.90
Kappa error 0.02
Reference Data
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Table 4.6.  Confusion matrix of agreement between Observer 1 and Observer 2.  
 
 
4.5 Discussion 
 As traditional methods of identifying and enumerating gorgonians in the field can be 
time-consuming, subjective, and often require well-trained interpreters, more innovative and 
practical approaches are needed to gain a broader understanding of how shifts in benthic 
community structure impact overall ecosystem functioning (Sánchez and Wirshing 2005; 
Edmunds and Lasker 2016; Tsounis and Edmunds 2017). Photographic data have proven to be a 
highly effective and useful tool for reef studies, and provide a visual archive with unlimited 
access to study sites and ever increasing applications, including time-series reconstructions (Lidz 
et al. 2006; Shinn and Kuffner 2017), damage and recovery assessments (Gleason et al. 2007; 
Lirman et al. 2010), restoration fate-tracking (Jaap 2000), habitat mapping (Casella et al. 2017), 
coral reef monitoring (Ruzicka et al. 2013; Bayley and Mogg 2019), and more (Lenz et al. 2015) 
(Appendix G). Recent advancements in computer vision and high-resolution camera technology 
have improved the ability to identify organisms at greater distances from the bottom and acquire 
vast amounts of image data remotely from images (Lirman et al. 2007; Gintert et al. 2012). 
Capturing high quality images at greater distances from the bottom also increases the amount of 
Observer 2 n 1 2 3 4 5 6 7 8 UA (%)
1. Antillogorgia 91 90 0 0 1 0 0 0 0 99%
2. Eunicea 115 0 96 0 5 0 5 2 7 83%
3. Gorgonia 41 1 1 39 0 0 0 0 0 95%
4. Muricea 12 0 0 0 12 0 0 0 0 100%
5. Muriceopsis 2 0 0 0 0 1 1 0 0 50%
6. Plexaura 28 2 2 0 0 0 24 0 0 86%
7. Plexaurella 21 0 1 0 0 0 0 17 3 81%
8. Pseudoplexaura 42 0 5 0 0 0 1 1 35 83%
PA(%) 352 97% 91% 100% 67% 100% 77% 85% 78% 89%
Po 0.89
Pe 0.21
Kappa Coefficient 0.86
Kappa error 0.02
Observer 1
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area covered, and reduces field-of-view obstructions that can lead to inaccuracies in estimates of 
organisms and benthic cover (Porter and Meier 1992; Leujak and Ormond 2007; Lirman et al. 
2007).  My results validate the use of a method with great potential for acquiring gorgonian data 
remotely from high-resolution orthomosaic images taken approximately 2–3 m from the bottom.  
 Results indicate that gorgonian genera can be reliably identified from large orthomosaic 
images, in areas with gorgonian densities ranging from 7–29 colonies/m2, with overall accuracies 
>85% using the classification criteria outlined in Table 4.2. In addition, the high level of 
agreement between observers indicates this method is reproducible and can be reliably conducted 
by observers with no prior knowledge of gorgonian taxonomy and minimal training. However, a 
closer look at observer accuracies for individual genera shows that the abundant genera, 
Antillogorgia, Gorgonia, and Eunicea, were easily distinguished (i.e., plume, fan, rod 
respectively). In contrast, Plexaura, Plexaurella, and Pseudoplexaura were commonly 
misclassified as Eunicea (leading to overestimations of Eunicea) by both the observer familiar 
with gorgonian taxonomy and the observer with no prior knowledge of gorgonian taxonomy. 
Genera with low to rare occurrence, including Briareum, Muriceopsis, Muricea, and 
Pterogorgia, need additional sampling from a larger geographic range to further refine these 
methods.  
 Collecting images in shallow coastal waters is often challenging because surface and 
bottom conditions, as well as light scattering and absorption in the water column, can greatly 
impact image quality (Chapter 5). Acquiring high-quality images is essential for the accurate 
classification of organisms from photographs or digital images, but unfortunately, imperfect field 
conditions are common and can pose significant challenges for photographic data collection. For 
this study, inclement weather was unavoidable during data collection and became a major factor 
 119 
 
limiting the collection of additional datasets.  To help maximize image quality during data 
collection and success in orthoconstruction, the following considerations are recommended:    
• Camera equipment. A single high-resolution still or video camera is all that is 
required for data collection (Gintert et al. 2012), but a back-up camera is 
recommended to circumvent technology malfunctions. 
• Weather and surface conditions. Weather and surface conditions can severely 
impact image quality in shallow waters.  High irradiance can cause artefacts such 
as sunflicker or shadows.  Camera motion and moving objects on the bottom can 
lead to blurred images. Turbidity can lead to low contrast images. Image 
enhancements can effectively reduce the impacts in many instances and the 
mosaicking algorithms can find tie points between images when motion is slow 
and consistent, such as the motion of gorgonians.  However, rapid movements are 
problematic.  If possible, collect data when there is a slack tide, low surge, and 
overcast sky (Reid et al. 2010) (Chapter 5).  
• Station set-up. Evenly distribute ground control points and scale bars throughout 
the survey area (Figure 4.13). This helps with relocating colonies, global 
alignment during orthoconstruction, and reduces geometric distortions.  Avoid 
using field tapes to mark boundaries, if possible.  Field tapes tend to sway in 
currents and surge, which can affect orthoconstruction. Use numbered targets 
and/or scale bars (Figure 4.13).  
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Figure 4.13. Scale bars and ground control targets.  
• Collection. Fast camera motion and moving organisms, such as fish and 
gorgonians, can often lead to blurred images. Blurred images can lead to 
alignment difficulties during orthoconstruction. The mosaicking algorithm is 
designed to handle small movements. Therefore, slower swim speeds (10–12 secs 
per meter) are recommended when collecting images in areas with gorgonians. 
• Image processing. Processing time is strongly affected by computer power, 
number of images, and image quality. The number of images depends on the 
distance from the bottom, presenting trade-offs. At a shorter distance to the 
bottom, image resolution is higher, but the number of images collected is higher, 
footprint is reduced, and chance for obstructions in the field-of-view increases. At 
greater distances from the bottom, the resolution is reduced, but fewer images are 
needed, footprint is increased, and risk of obstructions is reduced.  Review the 
system requirements for the software being used to ensure sufficient processing 
power to build a model. 
4.6 Conclusions  
 Given the inherent difficulties with identifying gorgonians to species level in the field, 
classification of gorgonians from high-resolution mosaic imagery at genus level offers numerous 
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advantages for monitoring western Atlantic coral-reef communities. Specifically, my study 
shows that high-resolution landscape imagery can be collected quickly with minimal cost and 
time spent underwater. I developed criteria for identifying gorgonians from high-resolution 
landscape images and showed classification accuracy is >85%. With refinement, this method has 
the potential to alleviate some of the difficulties that have been deterring monitoring programs 
from incorporating gorgonians into surveys, as well as provide opportunities to carry out 
retrospective studies of archived photographic data. Ideally, this study should be repeated with a 
wider geographic range and additional samples for each genus. In addition, this method should 
be tested on archived images to determine the minimum benthic resolution needed for accurate 
classification to genus level.  
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5 EVALUATION OF IMAGE-ENHANCEMENT TECHNIQUES TO IMPROVE DATA 
YIELD IN BENTHIC-COMMUNITY MONITORING 
 
5.1 Abstract 
 Collection of high-quality images is of critical importance to the retrieval of accurate and 
reliable data from benthic-survey images. Underwater images are regularly compromised by a 
range of degradations including color cast, non-uniform lighting, and low contrast caused by the 
absorption and scattering of light in the water column. The desire to fix these problems has led to 
the development of image enhancement techniques for various research applications. Here I 
evaluate and describe the performance of nine accessible and automated image enhancement 
techniques using a combination of objective and subjective image quality metrics. I also explore 
the effect of enhancement on 3D-model alignment using commercial Structure-from-Motion 
(SfM) software. Enhancements were performed on five shallow-water benthic survey datasets 
afflicted with multiple degradation factors. Results show the top performing enhancement 
techniques for shallow water were Contrast Limited Adaptive Histogram Equalization on each 
color channel (CLAHE RGB), Adobe® Photoshop® auto tone (PSAT), and an Adobe® 
Photoshop® customized combination (PSCombo). The primary goal of this work was to provide 
managers and researchers who are not photographers or photogrammetric specialists a guide to 
identifying degradations and determining when and how to remedy them using simple user-
friendly techniques.   
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5.2 Introduction 
 Underwater photographic surveys began more than 60 years ago, with the original goal of 
preserving a permanent visual record for subsequent studies (Bohnsack 1979). In the past 
decade, photo-monitoring has progressed to include more sophisticated and quantitative 
techniques, such as digital Structure-from-Motion photogrammetry, which are cost-effective, 
non-destructive, and greatly reduce image acquisition time in the field (Burns et al. 2015; 
Agrafiotis et al. 2018). Underwater digital images (i.e., photographs and video) are now routinely 
used in a wide range of underwater scientific applications from mapping archeological sites to 
monitoring ecological communities  (Shihavuddin et al. 2013; Mangeruga et al. 2018). Specific 
uses include, but are not limited to, disturbance mapping (Lirman et al. 2010), fish surveys 
(Watson et al. 2005), reef-health assessments (Gintert et al. 2018), deep-water ROV surveys 
(Bennecke et al. 2016), and coral-reef restoration monitoring (Kiel et al. 2012). 
 High quality images are of critical importance in the analysis of underwater images. 
Degraded images can lead to data loss, inaccurate measurements, or misclassifications that have 
the potential to adversely impact resource-management decisions (Foody 2002). Rapid evolution 
of image sensors, battery life, and storage capacity have led to vast improvements in camera 
resolution and stability, as well as flexibility in acquisition (Gintert et al. 2008). However, even 
with the most advanced technology, collecting imagery in underwater environments poses 
inherent difficulties that can only be managed after collection (Lu et al. 2017).  
 The underwater environment is heavily influenced by progressive changes in scattering 
and absorption of light with depth. As such, underwater images commonly suffer from 
degradations (also referred to as radiometric error) including color cast, non-uniform lighting, 
motion blur, and low contrast (Schettini and Corchs 2010; Panetta et al. 2015; Lu et al. 2017; 
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Wang et al. 2018) (Figure 5.1). As depth increases, colors diminish one by one.  Approximately 
99% of red, orange, and yellow is absorbed at 10 m depth, leaving a green and blue cast in 
images (Garrison 2012). In addition, suspended particles (e.g, plankton and particulate matter) in 
the water magnify the effects of absorption and scattering resulting in reduced visibility and 
image clarity. Scattering caused by reflection of light after it hits objects in the water column 
(forward scatter) can result in blurred edges, while scattering reflected back to the camera before 
it reaches an object, called backscatter, results in low contrast images with a hazy appearance 
(Panetta et al. 2015).  
Figure 5.1. Schematic diagram showing the image-degrading effects of light absorption and 
scattering in shallow waters (original).   
 Image quality is also heavily impacted by sea-state conditions as well as camera position 
and settings. For instance, non-uniform lighting from intermittent cloud cover can cause lighting 
artifacts such as shadows and sun flicker. Surge, waves, and currents can cause camera 
128 
 
instability. Sharp or rapid camera motion can increase the effects of forward scattering and lead 
to motion blur (Agrafiotis et al. 2018). Some scatter effects can be mitigated by holding the 
camera steady and minimizing camera distance from the bottom; however, images collected at 
less than one meter from the bottom introduce the added risk of field-of-view obstructions and 
increases the number of images to be processed (Lu et al. 2017).   
 Because underwater images are often less than optimal, numerous image enhancements 
techniques have been developed and published to overcome such challenges. However, many of 
these enhancement algorithms are written with complex mathematical scripts that correct 
singular radiometric errors, require specialized software, or have not been made readily available 
to users. As part of the i-MareCulture (https://imareculture.eu/) cultural heritage project, 
Mangeruga et al. (2018) provided an exceptional review of published underwater image-
enhancement algorithms and developed an open-source image-enhancement tool that places the 
sources codes of five frequently used image-enhancement algorithms into one easy-to-use batch 
processing application, eliminating the need for multiple scripts and specialized software. These 
algorithms were selected for implementation in the i-MareCulture tool based on their 
performance and accessibility. A brief description of the algorithms is provided in Table 5.1 of 
the methods section in this paper. The Non-Local Dehazing (NLD) algorithm of the i-
MareCulture tool was not included in this study due to excessive processing time and 
computational expense. Mangeruga et al. (2018) provides detailed descriptions of the i-
MareCulture algorithms.   
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Table 5.1. Descriptions of nine selected algorithms 
Image Enhancement Description Access Source 
P
h
o
to
sh
o
p
®
 
PSAT Photoshop® Auto Tone adjusts contrast in each RGB color channel separately 
by darkening the darkest pixels to black and the lightest pixels to white, then 
redistributes tonal values in between 
Open 
Photoshop®>Image>Au
to Tone 
Photoshop CC user 
manual (Adobe® 
2018) 
  
PSAC Photoshop® Auto Color clips the shadows and highlights pixels by 0.5% and 
uses the dark and light colors to balance shadows and highlights. Plus "snap 
neutrals" adjusts midtones.   
Open 
Photoshop®>Image>Au
to Color 
PSCon Photoshop® Auto Contrast adjusts contrast in all channels combined by 
darkening the darkest pixels to black and the lightest pixels to white then 
redistributes tonal values in between (aka histogram stretching) 
Open 
Photoshop®>Image>Au
to Contrast 
PSCombo Photoshop® Combo applies auto tone, auto color, and auto contrast to an image 
simultaneously.   
Open 
Photoshop®>Image>Au
to Tone>Auto 
Color>Auto Contrast 
iM
A
R
E
 C
U
L
T
U
R
E
 
ACE Automatic Color Enhancement uses a complex ANSI source code to adjust 
color balance. 
https://imareculture.eu/d
ownloads/project-
tools/image-
enhancement-process-
tool/  
(Getreuer 2012)  
CLAHE Contrast Limited Adaptive Histogram Equalization clips histogram at user-
defined value, then partitions image into chunks and applies histogram 
equalization to each chunk, making hidden objects more visible 
(Zuiderveld 1994) 
LAB L-A-B color correction uses white balancing and histogram stretching of 
luminance to improve the image contrast (L-A-B space not R-G-B). 
(Bianco et al. 2015) 
SP Screened Poisson Equation applies a screened Poisson equation to each RGB 
color channel separately and applies a color balance before and after applying 
the SP equation 
 (Morel et al. 2014) 
M
at
la
b
 CLAHE RGB Contrast Limited Adaptive Histogram Equalization applies CLAHE to each 
RGB channel separately adding sharpness and improved color 
Matlab code in 
Appendix  
(Yussof et al. 2013) 
 
 
130 
 
Whereas, the i-MareCulture tool provides processing ease and eliminates the need to 
write complicated mathematical codes, the tool does not offer the ability to apply multiple 
enhancements to the same image in one step. Adobe® Photoshop® does, however, offer this 
capability. Yet, few publications exist that incorporate and quantitatively assess the performance 
of automated functions in Photoshop® for enhancing underwater images (Iqbal et al. 2007; 
Shamsuddin et al. 2012).  
 Therefore, the primary goal of this paper was to use a combination of subjective and 
objective image-quality metrics to evaluate the performance of nine simple and accessible 
image-enhancement techniques (Table 5.1) using shallow-water (<10 m) benthic survey images 
collected under variable field conditions. In addition, the effect of enhancement on 3D-model 
alignment using commercial Structure from Motion (SfM) software was also addressed.    
5.3 Methods 
5.3.1 Datasets and collection 
 Five image datasets were collected from four patch-reef sites (i.e., Dome, Elkhorn, 
Elkhorn Control, and Schooner) in Biscayne National Park using a GoPro Hero 4 Silver action 
camera set to shoot 12 MP (4000 pixels x 3000 pixels) still images at a rate of one frame per 
second and a swim height of 1.5–2.5 m from the bottom. The datasets were representative of a 
variety of field conditions (i.e., visibility, wave action, cloud cover, and topographic relief) and 
radiometric errors (Table 5.2). A random subset of 20 images was selected from each dataset for 
image quality assessment and subsequent data analysis.  
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Table 5.2. Field conditions during acquisition for each of the five datasets.  Site abbreviations are 
as follows:  DO16=Dome 2016, DO17=Dome 2017, EL=Elkhorn, ELC=Elkhorn Control, and 
SC=Schooner.   
Site DO16 DO17 EL ELC SC 
maximum depth (m) 4.3 4.3 2.4 3.3 3.7 
average camera height 
from bottom (m) 
2.5 1.5 2.3 3.0 2.0 
visibility turbid turbid clear clear clear 
cloud cover partly sunny overcast sunny sunny sunny 
wave action current and 
surge 
current surge surge calm 
relief high  high low low low 
primary radiometric 
errors 
color cast; 
turbid; 
blur 
turbid color cast; 
flicker 
color cast;  
flicker; 
 mild turbid 
flicker; mild 
turbid 
5.3.2 Selected image-enhancement techniques 
 Nine automated image-enhancement techniques from three application platforms (i.e., i-
MARE, Adobe® Photoshop®, and Matlab) were selected for evaluation based on 1) 
accessibility, 2) processing time, 3) robustness, and 4) batch capability. The enhancements 
correct common radiometric errors, including color cast, low contrast, and non-uniform lighting. 
A brief description of the selected algorithms is provided in Table 5.1. The nine enhancement 
techniques were applied to each image subset and compared to the original images, generating a 
total of 200 images per dataset.   
5.3.3 Image Quality Assessment (IQA) 
 Because photographic survey data are most often analyzed directly by expert scientists, 
visual inspection via the human visual system (HVS) is a logical and necessary first step. 
However, each person perceives quality (e.g., lighting, color, shadows, and edges) differently, 
therefore it is difficult to make objective statistical comparisons between images using only the 
HVS (Yang and Sowmya 2015; Panetta et al. 2018). To effectively compare the performance of 
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different enhancement techniques on each image subsets, a combination of subjective and 
objective measures was used.  
5.3.3.1 Visual inspection and histograms 
After enhancement, representative images from each dataset were visually ranked from 
best (=1) to worst (=10) based on observer opinion. Color histograms were then produced for 
each image using Matlab. The mean and standard deviation of each RGB color channel were 
calculated for each histogram to provide information on color, exposure, and contrast. The 
location (mean) of the peaks in the histogram offers exposure and color information. The width 
(standard deviation) of the peaks offer information regarding the contrast of the image. 
Histograms with peaks shifted to the left (Figure 5.2B) represent darker, underexposed images, 
while peaks shifted to the right (Figure 5.2C) represent lighter, overexposed images. Areas where 
the histogram touches the far left or far right edge of the graph indicate “clipping” has occurred 
(Figure 5.2C and D). Clipping is loss of detail in the image due to shadows or highlights.  For 
example, highlight clipping is common in shallow images affected by sun flicker. Histograms 
with sharp peaks (low standard deviation) have low contrast, while gradual peaks (high standard 
deviation) indicate high contrast. And lastly, separate RGB peaks within a histogram are 
indicative of color cast (Figure 5.2D). 
5.3.3.2 Image-quality metric 
For statistical analysis, the Underwater Color Image Quality Evaluation (UCIQE) metric 
(Yang and Sowmya 2015) was used to objectively quantify image quality based on the effects of 
color loss, blur, and turbidity. Although there are multiple metrics available, the UCIQE was 
selected because it is a simple and objective metric that 1) correlates well with human 
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perception, 2) works with multiple degradation types, and 3) has low computational cost (Panetta 
et al. 2013; Yang and Sowmya 2015).    
 
Figure 5.2. Color histograms of A) balanced, B) underexposed, C) overexposed, and D) color 
cast images (original).  
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The UCIQE combines three weighted attributes that quantify blur, color cast, and low 
contrast caused by the effects of absorption and scattering using the following equation:  
Standard deviation of chroma (σc) is a measure of colorfulness. Contrast of luminance (con1) is a 
measure of global gray distribution in the image. Average of saturation (µs) provides a measure 
of edge detail. The standard coefficient values suggested by Yang and Sowmya (2015) were 
chosen here because the values were determined based on 44 shallow-water real-world images 
with degradations similar to this study. However, UCIQE coefficients may need to be adjusted 
depending on the types of degradations being tested.  In general, the higher the UCIQE the 
higher the image quality and a 10% increase or more in the UCIQE value from the original 
would be visually evident. 
5.3.4 Data analysis 
 Statistical analyses were performed using PRIMER v7 with PERMANOVA+ add-on 
package (Anderson et al. 2008). Each dataset was treated and tested for significant differences in 
image enhancement method performance using one-way PERMANOVA tests based on log 
transformed log(V) UCIQE values followed by post hoc pair-wise t-tests to determine which 
enhancement techniques were most similar. PERMANOVA run on singular variables using 
Euclidean distance is the equivalent of a univariate ANOVA; however, because the p-values are 
obtained by permutation, the assumption of normality is not necessary (Anderson 2001). Scatter 
and means plots were used for visual comparisons of enhancement techniques.  
 
UCIQE= ω1 x σc + ω 2 x con1 + ω 3 x µs,  
where ω1=0.4680, ω2= 0.2745, and ω3=0.2576 
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5.3.5 Application 
 To illustrate practical applications of employing image enhancements, before and after 
orthomosaic models were constructed using Agisoft Metashape Professional Edition version 1.4. 
Average UCIQE values, percentage of aligned images, and Agisoft Estimated Image Quality 
(AEIQ) were recorded and compared between models to determine if enhancement was 
beneficial. AEIQ is Agisoft’s built-in image quality metric that measures the blurriness of an 
image based on sharpness of edges. Agisoft recommends an AEIQ >0.6 for effective model 
construction.   
5.4 Results 
5.4.1 Visual inspection and histograms 
 Representative images and associated histograms for each dataset are presented in 
Figures 5.3–5.7 are described below:   
 The original images from the DO16 dataset were degraded by green color cast, low 
contrast from turbidity, and non-uniform lighting from partial cloud cover (Table 5.1 and Figure 
5.3). The resulting histograms exhibited sharp, separated peaks with standard deviations of 
10.22–11.33. After treatment, SP sharpened edges and removed the effects of turbidity and color 
cast; however, the images were darkened post enhancement as seen in the slight left shift of the 
histogram. PSCombo, CLAHE RGB, and PSAT corrected both color and contrast with visually 
similar results. The associated histograms showed increased standard deviations (>40).  PSAC 
improved contrast but not color cast. PSCon sharpened the image but had little effect on contrast 
and color with histogram peaks remaining distinctly separated. ACE improved contrast and 
removed green color cast but left a mild red hue. CLAHE and LAB removed color cast but did 
not remove turbidity effects. 
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 The original images from DO17 were degraded primarily by low contrast due to turbidity 
(Table 5.1 and Figure 5.4). The resulting histograms exhibited sharp peaks with standard 
deviations of 21.13–22.10. No visible improvements were seen after LAB treatment and a mild 
haze remained after CLAHE treatment. After PSAT and PSCon treatments, a mild green hue was 
visible. SP sharpened images but caused a slight shift in histograms to the left.  All other 
treatments corrected the low contrast and increased the standard deviations in all color channels. 
 The original images from EL were degraded by a green color cast and sunflicker (Table 
5.1 and Figure 5.5). The resulting histograms were visibly separate. PSAC, PSAT, PSCombo, 
ACE, CLAHE RGB, LAB, and SP removed the color cast and increased standard deviations. SP 
sharpened images, which increased detail, but darkened images. Problems with sunflicker were 
not improved with any of the tested treatments.   
 The original images from ELC suffered from a green color cast, sunflicker, and mild 
turbidty (Table 5.1 and Figure 5.6).  The resulting histograms were sharp and separated with 
standard deviations between 22.72–25.52.  PSCon and CLAHE improved contrast but not color 
cast.  LAB improved color cast but not contrast.  PSAC, PSAT, PSCombo, ACE, CLAHE RGB, 
and SP corrected the color cast and turbidity.  Standard deviations increased to > 40 in all color 
channels. Sunflicker was not affected by treatment.  
 The original images from SC were degraded by sunflicker and a very mild haze (Table 
5.1 and Figure 5.7). The resulting histograms had standard deviations between 27.62–30.89.  
PSCon and CLAHE improved contrast but not color cast. LAB improved color cast but not 
contrast.  PSAC, PSAT, PSCombo, ACE, CLAHE RGB, and SP corrected the color cast and 
turbidity and increased standard deviations.   
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Figure 5.3. Examples of original and treated images (above) with associated histograms (below) from DO16.  
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Figure 5.4. Examples of original and treated images (above) with associated histograms (below) from DO17. 
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Figure 5.5. Examples of original and treated images (above) with associated histograms (below) from EL.  
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Figure 5.6. Examples of original and treated images (above) with associated histograms (below) from ELC.  
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Figure 5.7. Examples of original and treated images (above) with associated histograms (below) from SC. 
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5.4.2 Image-quality assessment 
     Visual rankings and results of the UCIQE analysis are presented in Table 5.3 with 
graphical representations in Figures 5.8–5.12. Overall, UCIQE values ranged from 0.31–0.64.  
LAB was the least effective treatment for all datasets. All other treatments increased quality by 
10% compared to the original. The top performing technique for all datasets was CLAHE RGB.  
PSAT and PSCombo were also consistently ranked higher than the i-Mare algorithms and 
effectively corrected the degradations for all datasets. ACE performed better than PSAC. PSAC, 
PSCon, CLAHE, and LAB treatments were variable and required additional treatment. SP values 
did not match visual rankings and images appeared oversaturated. 
Table 5.3. Mean (± standard deviation) UCIQE values and visual rankings for each image subset.  
Percent increase from the original is provided in the last column. Highest values are in bold and 
highlighted.  
Image 
Enhancement 
visual 
rank 
Image Quality Metric 
σc con1 µs UCIQE % ↑ 
D
O
1
6
 
CLAHE-RGB 2 0.72 ± 0.00 0.90 ± 0.03 0.81 ± 0.00 0.64 ± 0.02 1.09 
PSCombo 3 0.71 ± 0.02 0.74 ± 0.08 0.85 ± 0.02 0.59 ± 0.02 0.92 
PSAT 3 0.71 ± 0.03 0.74 ± 0.10 0.86 ± 0.03 0.59 ± 0.02 0.91 
SP 1 0.72 ± 0.02 0.67 ± 0.07 0.90 ± 0.02 0.54 ± 0.02 0.76 
ACE 5 0.72 ± 0.01 0.46 ± 0.08 0.83 ± 0.01 0.46 ± 0.02 0.50 
PSAC 6 0.67 ± 0.02 0.39 ± 0.17 0.75 ± 0.06 0.39 ± 0.07 0.26 
PSCon 7 0.68 ± 0.01 0.35 ± 0.06 0.71 ± 0.02 0.36 ± 0.02 0.19 
CLAHE 8 0.67 ± 0.01 0.30 ± 0.04 0.75 ± 0.01 0.34 ± 0.01 0.13 
LAB 8 0.71 ± 0.00 0.20 ± 0.04 0.79 ± 0.01 0.32 ± 0.01 0.04 
Original 10 0.67 ± 0.01 0.17 ± 0.03 0.73 ± 0.01 0.31 ± 0.01   
D
O
1
7
 
CLAHE-RGB 2 0.71 ± 0.00 0.95 ± 0.01 0.82 ± 0.00 0.59 ± 0.02 0.58 
PSCombo 2 0.72 ± 0.01 0.82 ± 0.08 0.85 ± 0.03 0.56 ± 0.02 0.49 
PSAT 6 0.71 ± 0.02 0.82 ± 0.09 0.85 ± 0.03 0.56 ± 0.03 0.49 
PSAC 2 0.71 ± 0.01 0.77 ± 0.10 0.85 ± 0.03 0.54 ± 0.03 0.45 
SP 1 0.71 ± 0.02 0.74 ± 0.09 0.88 ± 0.03 0.54 ± 0.03 0.43 
ACE 5 0.71 ± 0.01 0.75 ± 0.03 0.82 ± 0.01 0.53 ± 0.01 0.41 
PSCon 6 0.68 ± 0.02 0.75 ± 0.09 0.83 ± 0.03 0.52 ± 0.03 0.40 
CLAHE 8 0.69 ± 0.01 0.58 ± 0.05 0.79 ± 0.01 0.44 ± 0.02 0.17 
LAB 9 0.71 ± 0.00 0.43 ± 0.06 0.81 ± 0.02 0.40 ± 0.02 0.06 
Original 10 0.69 ± 0.01 0.37 ± 0.05 0.77 ± 0.02 0.37 ± 0.02   
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Table 5.3 continued 
Image 
Enhancement 
visual 
rank 
Image Quality Metric 
σc con1 µs UCIQE % ↑ 
E
L
 
CLAHE-RGB 1 0.71 ± 0.00 0.94 ± 0.01 0.82 ± 0.00 0.61 ± 0.01 0.34 
ACE 1 0.71 ± 0.00 0.85 ± 0.02 0.81 ± 0.00 0.57 ± 0.01 0.28 
PSCombo 3 0.71 ± 0.00 0.82 ± 0.02 0.85 ± 0.01 0.57 ± 0.01 0.27 
SP 6 0.73 ± 0.01 0.79 ± 0.02 0.87 ± 0.01 0.57 ± 0.01 0.26 
PSAT 4 0.71 ± 0.01 0.83 ± 0.03 0.84 ± 0.02 0.57 ± 0.01 0.26 
PSAC 4 0.71 ± 0.00 0.78 ± 0.04 0.85 ± 0.01 0.56 ± 0.01 0.23 
CLAHE 7 0.69 ± 0.00 0.81 ± 0.02 0.80 ± 0.01 0.53 ± 0.01 0.17 
PSCon 8 0.68 ± 0.01 0.71 ± 0.04 0.80 ± 0.02 0.51 ± 0.02 0.13 
LAB 9 0.71 ± 0.00 0.62 ± 0.06 0.83 ± 0.02 0.48 ± 0.02 0.06 
Original 10 0.69 ± 0.01 0.56 ± 0.05 0.77 ± 0.02 0.45 ± 0.02   
E
L
C
 
CLAHE-RGB 2 0.71 ± 0.00 0.94 ± 0.01 0.82 ± 0.00 0.62 ± 0.01 0.53 
SP 1 0.73 ± 0.01 0.79 ± 0.03 0.88 ± 0.01 0.58 ± 0.01 0.43 
PSAT 3 0.72 ± 0.01 0.81 ± 0.03 0.86 ± 0.01 0.57 ± 0.01 0.42 
PSCombo 3 0.72 ± 0.01 0.80 ± 0.03 0.86 ± 0.01 0.57 ± 0.01 0.42 
ACE 3 0.72 ± 0.00 0.80 ± 0.02 0.81 ± 0.00 0.56 ± 0.01 0.39 
PSAC 6 0.72 ± 0.01 0.74 ± 0.05 0.86 ± 0.01 0.55 ± 0.02 0.36 
CLAHE 8 0.71 ± 0.01 0.69 ± 0.02 0.81 ± 0.01 0.49 ± 0.01 0.21 
PSCon 9 0.71 ± 0.01 0.61 ± 0.02 0.80 ± 0.01 0.47 ± 0.01 0.17 
LAB 7 0.71 ± 0.00 0.48 ± 0.03 0.82 ± 0.01 0.42 ± 0.01 0.05 
Original 10 0.71 ± 0.01 0.43 ± 0.03 0.76 ± 0.01 0.40 ± 0.01   
S
C
 
CLAHE-RGB 2 0.71 ± 0.00 0.95 ± 0.00 0.82 ± 0.00 0.60 ± 0.01 0.38 
PSCombo 4 0.72 ± 0.00 0.85 ± 0.02 0.86 ± 0.01 0.57 ± 0.01 0.32 
PSAT 4 0.72 ± 0.01 0.84 ± 0.03 0.86 ± 0.01 0.57 ± 0.01 0.32 
SP 1 0.72 ± 0.01 0.83 ± 0.01 0.87 ± 0.01 0.57 ± 0.00 0.32 
ACE 2 0.71 ± 0.00 0.84 ± 0.02 0.81 ± 0.00 0.57 ± 0.01 0.30 
PSAC 4 0.71 ± 0.00 0.80 ± 0.03 0.85 ± 0.01 0.56 ± 0.01 0.28 
PSCon 7 0.69 ± 0.00 0.80 ± 0.03 0.83 ± 0.01 0.55 ± 0.01 0.26 
CLAHE 8 0.69 ± 0.00 0.81 ± 0.03 0.81 ± 0.00 0.52 ± 0.01 0.20 
LAB 9 0.71 ± 0.00 0.60 ± 0.07 0.81 ± 0.01 0.47 ± 0.02 0.07 
Original 10 0.69 ± 0.00 0.52 ± 0.06 0.77 ± 0.01 0.43 ± 0.02   
 
Results of the one-way PERMANOVA test showed significant differences between 
image enhancement techniques for all datasets (Table 5.4). Additional post-hoc pairwise tests 
showed PSAT and PSCombo were not significantly differently for any dataset. The LAB 
enhancement was not significantly different from the original at DO16. The four Photoshop® 
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techniques, SP, and ACE performed similarly for DO17 images. At the three clear sites (i.e., EL, 
ELC, SC), results from PSAT, PSCombo, and SP were not significantly different. 
Table 5.4. One-way PERMANOVA (enhancement type as fixed factor) results on log-
transformed Euclidean distance matrix. Significant values (alpha=0.05) are noted with *. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PERMANOVA MAIN TEST 
Site Source df SS MS F Sig. 
U
C
IQ
E
 
Dome 16 
IE 9 13.40 1.49 219.50 <0.01* 
Res 190 1.29 0.01                  
Total 199 14.68       
Dome 17 
IE 9 4.47 0.50 216.50 <0.01* 
Res 190 0.44 0.00                  
Total 199 4.90       
Elkhorn 
IE 9 1.57 0.17 266.78 <0.01* 
Res 190 0.12 0.00                  
Total 199 1.69                
Elkhorn Control 
IE 9 3.69 0.41 775.39 <0.01* 
Res 190 0.10 0.00                  
Total 199 3.79       
Schooner 
IE 9 1.93 0.21 394.05 <0.01* 
Res 190 0.10 0.00                  
Total 199 2.04                
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Table 5.5. PERMANOVA post-hoc pairwise t-tests between image enhancements. Significant 
values (alpha=0.05) are noted with *. No difference is indicated in bold and highlighted. 
Image Enhancement UCQIE t-test 
DO16 DO17 EL ELC SC 
Original vs 
PSAC 4.10 * 22.01 * 19.51 * 29.74 * 24.81 * 
PSAT 18.35 * 24.47 * 22.28 * 46.11 * 27.92 * 
PSCon 3.66 * 17.43 * 9.93 * 18.04 * 21.99 * 
PSCombo 18.64 * 25.16 * 23.31 * 43.81 * 28.55 * 
ACE 10.80 * 26.29 * 24.21 * 43.44 * 27.03 * 
CLAHE 2.58 * 9.60 * 14.51 * 22.07 * 17.00 * 
CLAHE RGB 21.09 * 33.94 * 30.05 * 57.66 * 33.51 * 
LAB 0.27   3.66 * 4.50 * 5.56 * 5.03 * 
SP 15.69 * 21.78 * 23.44 * 49.64 * 28.39 * 
PSAC vs 
PSAT 9.75 * 1.87   3.57 * 4.82 * 6.31 * 
PSCon 1.87   1.92   9.68 * 14.93 * 3.73 * 
PSCombo 9.90 * 2.07   4.35 * 4.46 * 7.65 * 
ACE 3.76 * 1.99   5.81 * 2.36 * 4.03 * 
CLAHE 3.08 * 13.12 * 7.41 * 12.56 * 10.54 * 
CLAHE RGB 11.91 * 7.12 * 16.19 * 13.52 * 20.35 * 
LAB 4.98 * 19.31 * 15.07 * 26.07 * 17.22 * 
SP 7.65 * 0.49   4.26 * 5.76 * 6.89 * 
PSAT vs 
PSCon 27.74 * 3.57 * 12.71 * 27.45 * 9.22 * 
PSCombo 0.41   0.16   0.45   0.32   1.26   
ACE 18.67 * 4.62 * 2.03 * 4.29 * 2.74 * 
CLAHE 49.11 * 15.45 * 11.45 * 25.26 * 15.56 * 
CLAHE RGB 8.89 * 5.09 * 13.70 * 15.69 * 15.51 * 
LAB 59.97 * 21.85 * 17.94 * 43.15 * 20.05 * 
SP 7.33 * 2.40 * 0.19   1.38   0.32   
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Table 5.5. continued 
Image Enhancement UCQIE t-test 
DO16 DO17 EL ELC SC 
PSCon 
  PSCombo 28.98 * 3.77 * 13.66 * 25.72 * 10.36 * 
 ACE 12.55 * 0.72   14.72 * 24.44 * 7.37 * 
 CLAHE 2.61 * 9.44 * 3.88 * 3.48 * 6.63 * 
 CLAHE RGB 33.57 * 8.05 * 21.77 * 39.65 * 20.54 * 
 LAB 7.21 * 14.80 * 5.44 * 13.24 * 14.79 * 
  SP 22.11 * 1.51   13.73   30.37 * 9.81   
PSCombo 
  ACE 20.25 * 5.03 * 1.88   3.56 * 4.18 * 
 CLAHE 54.68 * 15.98 * 12.98 * 23.43 * 16.61 * 
 CLAHE RGB 9.61 * 5.10 * 16.62 * 14.30 * 15.06 * 
 LAB 67.70 * 22.54 * 18.95 * 40.61 * 20.60 * 
  SP 8.35 * 2.61 * 0.35   1.57   1.86   
ACE vs 
CLAHE 21.49 * 15.32 * 14.52 * 22.02 * 14.03 * 
CLAHE RGB 26.51 * 15.58 * 15.05 * 20.52 * 19.30 * 
LAB 28.49 * 23.53 * 19.91 * 40.23 * 19.17 * 
SP 11.50 * 1.39   2.37 * 6.35 * 2.95 * 
CLAHE vs 
CLAHE RGB 61.22 * 23.92 * 25.09 * 38.50 * 24.30 * 
LAB 7.52 * 6.25 * 9.76 * 17.36 * 10.26 * 
SP 37.87 * 12.78 * 13.19 * 28.44 * 16.34 * 
CLAHE 
RGB 
vs 
LAB 74.10 * 31.81 * 26.19 * 55.88 * 25.27 * 
SP 15.80 * 7.87 * 18.81 * 17.09 * 20.06 * 
LAB vs SP 46.88 * 19.05 * 19.05 * 47.12 * 20.33 * 
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Figure 5.8. A) Scatter plot and B) means plot of log transformed UCIQE values for original and 
enhanced images (IE = image enhancement technique) from DO16.  
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Figure 5.9. A) Scatter plot and B) means plot of log transformed UCIQE values for original and 
enhanced images (IE = image enhancement technique) from DO17.  
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Figure 5.10. A) Scatter plot and B) means plot of log transformed UCIQE values for original and 
enhanced images (IE = image enhancement technique) from EL.  
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Figure 5.11. A) Scatter plot and B) means plot of log transformed UCIQE values for original and 
enhanced images (IE = image enhancement technique) from ELC.  
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Figure 5.12. A) Scatter plot and B) means plot of log transformed UCIQE values for original and 
enhanced images (IE = image enhancement technique) from SC.  
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5.4.3 Applications 
 The 2D-model alignment was improved after enhancement of DO16 (18%) and ELC 
(10%) images but not DO17, EL, or SC (Table 5.6). Before enhancement, DO16 had the most 
severely degraded images of all the datasets. Only 10% of the images at DO16 had AEIQ>0.6, 
resulting in only 71% of the images being automatically aligned. After enhancement, 100% of 
the images had an AEIQ>0.6 and 83% of the images automatically aligned. Organisms were not 
identifiable in the original images; however, after enhancement organisms were clearly visible 
and identifiable to functional group level (Figure 5.13). Of the 495 ELC images, 68% had an 
AEIQ>0.6 and only 48% aligned automatically before enhancement.  After enhancement, an 
additional 24 images automatically aligned. In addition, average image quality and visual 
appearance were improved at all sites. Enlarged areas in Figure 5.13 provide an example of the 
change in ability to distinguish functional groups before and after enhancement.   
Table 5.6. Orthomosaic alignment before and after image enhancement. 
site mosaic UCIQE # AEIQ<0.6 # aligned % aligned %  ↑ 
DO16 
before 0.31(0.01) 643 506/715 71% 0.18 
after 0.59(0.02) 0 595/715 83%   
DO17 
before 0.37(0.02) 494 1531/1544 99% 0.00 
after 0.56(0.02) 106 1536/1544 99%   
EL 
before 0.45(0.02) 0 696/718 97% 0.00 
after 0.57(0.01) 0 699/718 97%   
ELC 
before 0.40(0.01) 0 240/495 48% 0.10 
after 0.57(0.01) 0 264/495 53%   
SC 
before 0.43(0.02) 0 907/909 100% 0.00 
after 0.57(0.01) 0 909/909 100%   
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Figure 5.13. Before and after comparison of a landscape mosaic generated from A) original and 
B) enhanced images collected at Dome Reef in Biscayne National Park in 2016.  Enlarged 
images B and C are also provided to show improved clarity.   AEIQ=Agisoft Estimated Image 
Quality for model construction. 
5.5 Discussion 
 Digital imagery has become an essential data component of most research and monitoring 
programs world-wide. However, the collection of high quality imagery is becoming increasingly 
more challenging with unpredictable weather patterns and decreases in water quality associated with 
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global and local stressors (Wilkinson 1996; Chollett et al. 2017).  Scattering and absorption in the 
water column naturally cause a variety of photographic deficiencies including low contrast, blur, and 
color cast, and these degradations can often be exacerbated by adverse surface conditions and poor 
camera settings. However, my results show such photographic challenges rarely render images 
unusable and errors can typically be resolved with image enhancements. Enhancements can improve 
image quality for more accurate classifications and measurements, as well as provide flexibility for 
acquisition during suboptimal conditions. The results of this study can provide researchers and 
managers who are not photographic specialists a guide to 1) identifying common photographic 
deficiencies and 2) determining if and how such problems can be reduced/remedied with simple user-
friendly techniques.   
 Based on results of this study, the following four-step process is recommended for achieving 
high quality imagery for benthic surveys:    
Figure 5.14. Recommended four-step image enhancement process.  
5.5.1 Collect images 
 Data collection can be time-consuming and expensive, therefore it is of the utmost 
importance to take precautions during collection to reduce the need for major enhancements or 
the need to reshoot.  In general, preferred field conditions for image acquisition in shallow water 
are 1) winds less than 15 knots, 2) overcast, 3) low surge, and 4) slack tide (Reid et al. 2010). 
Waves and currents can affect the stability of the camera, which can cause blur. High irradiance 
can cause bottom reflection or sunflicker artefacts, which are difficult to correct. Partial sun can 
Step 1: 
Collect images
Step 2: 
Image Inspection
Step 3: 
Choose 
Enhancement(s)
Step 4: 
Apply 
Enhancement(s)
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cause non-uniform lighting throughout the sampling area. Turbidity can result in low contrast 
images. When filming in currents and surge, slowing swim speed can reduce blur from camera 
positioning and moving objects on the bottom. When filming in turbid environments, wait for 
suspended particles to settle before filming or reduce the camera distance from the bottom.   
 Selecting appropriate camera equipment and settings is also important for underwater 
image collection.  In general, the following guidelines are recommended: 
• Shoot in RAW mode and save to TIFF or some other non-lossy format.  Otherwise, 
convert to a lossless format before editing images. JPEG is a lossy format meaning that it 
loses quality each time an image is edited and saved. 
• Do not use flash or artificial lights as this can lead to lighting artefacts in images. 
• Choose a camera with manual ability to set sensitivity (i.e., ISO) and set to a low value 
(100-200) to accommodate low light. 
• Use a fast shutter speed (>1/200th of a second) to reduce blur.  A greater distance from 
the bottom allows for faster swim speed.  
• Select a camera with enough battery life and memory to collect entire image set. 
• Add color calibration cards in the field of view (Fig. 5.15).  This will help determine 
appropriate enhancement techniques. 
Figure 5.15. Example of a color calibration card. 
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5.5.2 Image inspection 
The next step is to determine the need for enhancement and the suitability of images for data 
extraction (e.g., classification and measurements). A subset of images should be extracted and 
evaluated using both visual inspection and color histogram analysis. Images can then be categorized 
as suitable, marginal, or not suitable for photogrammetric analyses based on edge detail, ability 
to distinguish organisms, types of degradations, and histogram results.  A rubric for suggested 
categorization is provided in Table 5.7. 
Table 5.7. Determination of suitability of benthic survey images for digital analysis based on 
visual inspection of images and histograms (IE means image enhancement).    
Category Image description Histogram description 
not suitable lack of edge detail; degraded by multiple 
factors; unable to clearly distinguish 
functional groups; IE required 
curves with sharp peaks; 
curves separate; curves 
strongly shifted to the left 
or right; st dev in all color 
bands <20 
marginal some edge detail; degraded by at least 
one factor; functional groups 
distinguishable; species and genera not 
distinguishable; IE recommended 
curves with moderate 
peaks that may be slightly 
separated; slight shift to 
left or right; at least one 
color band with st dev <25 
suitable edges defined; functional groups clearly 
distinguishable; some species and genera 
distinguishable; no photo degradations; 
IE optional  
smooth bell-shaped 
curves; curves not 
separate; high st dev >35 
in all channels 
excellent edges clearly defined; functional groups 
clearly distinguishable; species and 
genera  distinguishable; no photo 
degradations; IE not required 
smooth bell-shaped 
curves; curves not 
separate; high st dev >45 
in all channels 
 
For example, from a classification perspective, the original images, LAB, and CLAHE 
images from DO16 would be categorized as “not suitable” and require additional enhancements.  
Functional groups (e.g., corals, sponges, macroalgae, gorgonians, etc.) were not clearly 
distinguishable and corresponding histograms had sharp peaks with standard deviations in each 
color <20.   
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5.5.3 Choose enhancements 
Visual inspection and histograms should be used to inform the selection of enhancement 
technique(s). In this study, the top-performing techniques, CLAHE RGB, PSCombo, and PSAT,  
successfully reduced the effects of color loss and poor visibility without need for additional 
enhancements and are recommended for most shallow-water applications. All other tested 
techniques needed additional treatments to achieve an acceptable suitability ranking for digital 
analysis. SP worked well to increase edge detail and reduce effects of non-uniform lighting but 
introduced shadows to the images and often appeared over processed. This could also be 
resolved by adjusting the saturation coefficients in the algorithm. ACE and PSAC performed 
well when color cast was the main affliction. CLAHE and PSCon were beneficial in low contrast 
situations that did not suffer from color cast.  LAB was not effective on any of the tested datasets 
but with further investigation may work well in combination with other techniques.   
 All three application platforms provided automated batch-processing and accessibility. 
However, Adobe® Photoshop® offered some distinct advantages over the i-MARE and Matlab 
techniques including 1) live histogram manipulation, 2) Exchangeable Image File (EXIF) data 
retention, and 3) the ability to create customized enhancements in real-time. A quick look at the 
histogram in real-time can inform selection of enhancements and save valuable time. EXIF data 
holds metadata that are important for retrospective studies and stores important information 
regarding camera settings that is often utilized in autocalibration functions used in most 
Structure-from-Motion software programs. The ability to record customized enhancements is 
invaluable. The only limitation is the time it takes to configure the right enhancement “recipe”. 
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5.5.4 Apply enhancement(s) 
 Applying image enhancements on large datasets takes time and computer-processing 
power and may not be worth doing if it doesn’t improve data extraction and analysis. In the case 
of orthomosaic alignment, pre-treating images did not significantly improve image ortho-
construction in three of the five datasets. This could be explained by the fact that many of the 
model construction softwares automatically incorporate color correction into the construction 
algorithms (Agrafiotis et al. 2018). Only image datasets with severe degradations need pre-
treatment.  An alternative scenario is when images are being used to classify organisms to the 
highest possible taxonomic level.  In this case, image enhancement becomes a necessity for the 
acquisition of reliable data. Whatever the case, it is recommended to test enhancement on a small 
subset of images to determine need. 
5.5.4 Future work 
 At present, published algorithms are often difficult to replicate or code scripts are not 
accessible to readers. More explicit, repeatable enhancement methods and development of tools 
that make batch processing fast and easy are still needed. Moreover, it is imperative that authors 
offer a practical means for the implementation of newly developed enhancements. Too often, 
articles are published with algorithms that are technically complex and not replicable by the lay 
user.    
 In addition, as technology continues to advance, historical archives should be revisited. 
Underwater images have been collected since the invention of underwater cameras and SCUBA. 
The development of image enhancement techniques is much more recent. In the past, images 
with multiple degradations may have been considered unusable. Now, with enhancement 
technology, a wealth of data can be recovered that otherwise would have been lost.    
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6 VARIATIONS IN δ15N AND δ13C OF GORGONIANS IN BISCAYNE NATIONAL 
PARK, FL, USA 
6.1 Abstract 
The proximity of Biscayne National Park to the burgeoning metropolitan the area of 
Miami has increased demands on surrounding natural resources and has led to major concerns 
regarding impacts to habitat structure, water quality, hydrology, and coral reef communities. 
Prolonged stress, whether natural or anthropogenic, can be a catalyst for species declines and 
shifts in community structure. However, baseline data on community structure and water quality 
prior to the mid-1990s is scarce, which greatly hinders the ability to effectively assess impacts of 
urbanization. Gorgonians have recently been identified and used in stable isotopic studies as 
proxies for detecting anthropogenic nutrient inputs in heavily urbanized locations and offer a 
potential solution for filling data gaps. Here, I analyzed δ15N and δ13C of three abundant and 
widely distributed gorgonian species, Antillogorgia acerosa, Eunicea flexuosa, and Pterogorgia 
anceps, collected at temporally distant timeframes to determine 1) intra- and inter-species, 2) 
temporal, and 3) spatial variations at two sites in Biscayne National Park: a north-central site at 
the mouth of Biscayne Bay near Safety Valve (a tidal pass where inshore and offshore waters 
exchange) and a south central site on the outer reef. No significant differences in δ15N were 
detected between species or years; however, significant differences were found between sites. 
The δ13C values were significantly different between species, sites, and years. Results of this 
study demonstrate the potential of gorgonians for assessing temporal and spatial patterns in 
isotopic composition and the use of museum specimens in recreating historic baselines. 
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6.2 Introduction 
Since the early twentieth century, the human population in coastal Miami has increased 
exponentially, from less than 50,000 in 1920 to over 2.7 million in 2017 (US Census Bureau 
2019), with millions more visiting each year (Gorstein et al. 2016). Major urbanization began in 
the 1920s with extensive channel dredging, construction of causeways, and development of 
Miami Beach, a major tourism community. In 1929, the Great Depression halted development 
until after World War II. Then, from 1945–1960, intense urbanization resumed with the construction 
of three causeways, widespread seawall construction, agricultural fertilizer and pesticide use, land 
filling, and more dredge and fill activities (Hudson et al. 1994). With such rapid growth, water 
quality and adjacent habitats experienced localized stressors including habitat loss, nutrient 
enrichment, sedimentation, wastewater discharge, toxic chemical pollution, and agricultural run-
off (McNulty 1961; Zieman 1976; Glynn et al. 1989; Briceño et al. 2011; Harlem et al. 2012).  
  By 1968, concerns had arisen regarding the localized impacts to the natural resources in 
the area. With the aim of protecting the natural surroundings, including over 4000 coral reefs, 
from the effects of this rapid urbanization, officials established the area adjacent to Miami as a 
Biscayne National Monument in 1968, which in 1980 was expanded to cover more area and 
renamed Biscayne National Park (Voss et al. 1969; Hudson et al. 1994; Briceño et al. 2011). As 
part of conservation and management efforts, water quality in and around Biscayne National 
Park has been monitored quarterly since the mid-1990s by the Florida International University’s 
Southeast Environmental Research Center (SERC) and has resulted in the identification of some 
distinct spatial patterning in water quality (Fig. 6.1, Table 6.1). The northern bay area is the most 
developed and is almost entirely seawalled, with little natural habitat remaining. The southern 
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portion of the bay and keys are covered by long stretches of natural mangrove shoreline. The 
inshore areas in the north are heavily impacted by urban sprawl and those in the  
south are most heavily influenced by outflow from canals that drain the agricultural areas, 
landfills, and wastewater from treatment facilities (Fig. 6.1)(Caccia and Boyer 2005).  
Figure 6.1. Location map of Biscayne National Park showing specimen collection sites, SERC 
water quality clusters (Briceño et al. 2011), mangroves, freshwater inputs, landfills, and 
wastewater treatment facilities. SERC Water Quality clusters: NB=North Bay; NCO=North 
Central Offshore; NCI=North Central Inshore; SCO=South Central Offshore; SCM=South 
Central Mid-Bay; SCI-South Central Inshore. 
165 
 
Table 6.1. Summary of water-quality spatial patterning in Biscayne Bay. NCO=North Central 
Offshore; NCI=North Central Inshore; SCO=South Central Offshore; SCM=South Central Mid-
Bay; SCI-South Central Inshore (from Caccia and Boyer 2005 and Briceño et al. 2011). 
Area Location Description Major 
Influences 
WQ patterning 
North 
Bay 
Dumfounding 
Bay to 
Rickenbacker 
Causeway 
Heavily 
urbanized; 
entirely 
seawalled; 
absence of 
natural habitat 
Port of Miami, 
Miami River 
Highest in inorganic nitrogen, 
turbidity, chl-a. Freshwater 
influence of five canals and 
Miami River. Also, high 
concentrations of DIN.  
North 
Central 
Bay 
Rickenbacker 
Causeway to 
Featherbed 
Bank 
Transition 
zone; BNP 
starts here 
Miami River 
and 
urbanization in 
watershed of 
Key Biscayne, 
Coconut 
Grove, and 
Coral Gables 
NCI: TN not different from 
North Bay 
NCO: This is a transition zone 
with the best water quality of all 
areas of the bay. Lowest 
concentrations for nearly every 
WQ parameter except salinity 
which was the highest.  
South 
Central 
Bay 
Featherbed 
Bank to Card 
Sound 
Less 
developed 
than north; 
vast seagrass 
beds and 
mangrove 
shorelines 
Black Point 
Landfill, 
Sewage 
Treatment 
Plant, South 
Dade 
agricultural 
areas. All 
drained by 
numerous 
canals  
SCI: Highest median values for 
TN, TON, DIN, NH4
+, NO3
-, and 
NO2
-. Most of the nitrogen is in 
organic form from decaying 
plant matter. 
SCM: Higher average NO3
- and 
NH4
+ than north central. 
SCO: Lowest salinity and 
highest total nitrogen (TN), total 
organic nitrogen (TON), and 
total organic carbon (TOC). Low 
NH4
+ 
 
  Prolonged stress, whether natural or anthropogenic, cause declines and shifts in 
community structure (Maliao et al. 2008; Norström et al. 2009). However, baseline data on 
community structure and water quality prior to the mid-1990s are scarce, which greatly hinders 
our ability to effectively assess impacts of urbanization on natural resources (Risk et al. 2009). 
Moreover, rapid uptake of nutrients by microbes, phytoplankton, and macrophytes may mask the 
level of input, thereby making water-quality measurements hard to interpret (Laws and Redalje 
1979,1982).  
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  Stable isotopic analyses are a relatively inexpensive means of discriminating among 
sources of nitrogen (e.g., sewage and agricultural run-off) and carbon in coastal ecosystems 
(McClelland et al. 1997; David et al. 2010; Risk et al. 2014; Duprey et al. 2017). Nitrogen 
sources have distinct δ15N values that can help distinguish among natural and anthropogenic 
sources of nitrogen as well as provide insight into trophic position (enriched ~+2-3‰ per trophic 
level) (McCutchan Jr et al. 2003; Nahon et al. 2013; Swart et al. 2013). Although, in areas 
influenced by multiple sources, the ability to distinguish anthropogenic sources becomes 
difficult. Bulk isotopic analyses reflect the assimilation of the source isotopes, including all 
fractionation associated with uptake of N by autotrophs and with trophic transfer inherent in 
heterotrophic feeding (Fry 2006; Risk et al. 2009; Baker et al. 2010), which often makes data 
interpretation ambiguous (Baker et al. 2010; Baker et al. 2011). Typical δ15N values in coastal 
waters are summarized in Figure 6.2. Carbon isotope values of different C pools are more 
challenging for distinguishing sources. However, when used in concert with nitrogen isotopes, 
carbon isotopes can provide useful information on food web interactions, as primary producers 
reflect source values during uptake and consumers are enriched (+1‰) relative to their food 
source (McClelland and Montoya 2002; Fry 2006; Baker et al. 2015).  
   Gorgonians have been identified as powerful proxies for detecting environmental change 
and have even been called “superior” when compared to other bioindicators (Risk et al. 2009; 
Baker et al. 2011; Baker et al. 2013) because they are abundant and widespread. On Caribbean 
reefs they can be found in nearly every habitat from inshore to offshore, deep to shallow. 
Additionally, they are comprised of ample amounts of protein in both the tissue and axis 
(Goldberg 1978; Mistri 1996). Some species have tree-like annual growth bands that can be used 
to conduct time-series reconstructions of past conditions (Ward-Paige et al. 2005; Risk et al. 
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2014). As such, there has been a recent increase in the utilization of gorgonians in stable-isotopic 
analyses. Thus far, studies using shallow-water symbiotic gorgonians have been conducted in the 
Florida Keys (Ward-Paige et al. 2005; Baker et al. 2007), Southeast Florida (Sherwood et al. 
2010), Mexico (Baker et al. 2007; Baker et al. 2013), Bahamas (Sherwood et al. 2010), Cuba 
(Risk et al. 2014), and Bermuda (Baker et al. 2010) to address questions on sewage impacts.  
  In Florida, questions have arisen regarding how much, if any, sewage and other 
anthropogenic nitrogen sources are reaching the offshore reefs (Lapointe et al. 2004). For 
example, Lapointe et al. (2004) reported that sewage pollution is detectable in organisms on 
outer reefs of the Lower Florida Keys, while Szmant and Forrester (1996), Lamb et al. (2012), 
and Swart et al. (2013) working in the Upper Keys, have concluded that anthropogenic nutrient 
concentrations drop back to oligotrophic levels within approximately a kilometer from shore. 
However, these studies were conducted in different geographic areas with different sources of 
nitrogen, different organisms, and different “cut-offs” for what is considered impacted, making it 
difficult to make direct comparisons across studies.  
  Biscayne National Park is an ideal location for studies of environmental impacts because 
it encompasses patch and offshore reefs in close proximity to Miami. Dating back to the early 
1930s, gorgonian specimens have been collected for various research purposes and stored at the 
University of Miami Rosensteil School of Marine and Atmospheric Science’s Marine 
Invertebrate Museum (Voss and Voss 1955; Voss et al. 1969; Opresko 1973). Isotopic analyses 
of specimens from museum collections can provide an invaluable source of baseline data, prior 
to establishment of long-term monitoring efforts and impacts of industrialization and 
urbanization (Baker et al. 2010). 
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Figure 6.2. Conceptual diagram illustrating the connectivity of habitats and sources of nitrogen affecting natural areas adjacent to 
Miami, FL. Representative δ15N values and examples of applications are provided in the box below the diagram (Gormly and Spalding 
1979; McClelland and Michener 1997; Fry 2006) (original illustration by S. Johnson). 
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  The goals of my research were to use gorgonian skeletons collected at four temporally 
distant timeframes (1930s–present) in BNP to establish nitrogen isotopic baselines that can be 
used as reference points for assessing ecosystem health, detecting change, and evaluating the 
potential impacts from increasing human perturbations, such as those caused by sewage 
contamination and agricultural fertilizers. To accomplish this, I analyzed δ15N of three abundant 
and widely distributed gorgonian species, Antillogorgia acerosa, Eunicea flexuosa, and 
Pterogorgia anceps to determine 1) intra-and inter-species, 2) temporal, and 3) spatial variations 
at two sites in Biscayne National Park: Soldier Key, a north-central site at the mouth of Biscayne 
Bay near Safety Valve, and Pacific Reef, a south-central site on the outer reef (Figure 6.1). 
6.3 Methods 
6.3.1 Site descriptions 
  Two reef sites in Biscayne National Park (BNP) were selected for this study (Fig. 6.1). 
Soldier Key is small island, just south of Safety Valve, surrounded by seagrass and nearshore 
hardbottom habitat with abundant gorgonians within a short distance from the island (Voss and 
Voss 1955; Weil et al. 1999). Safety Valve is a series of shallow flats with deeper channels at the 
mouth of Biscayne Bay and serves as the main area of tidal exchange between Atlantic Ocean 
and the waters of Biscayne Bay (Briceño et al. 2011). Collections were made approximately one 
kilometer east of the island in the gorgonian (alcyonarian) zone (25.5876oN, 80.1531oW). Pacific 
Reef (25.3697oN, 80.13930oW) is an outer bank reef located in the southern portion of BNP, 
approximately eight kilometers from shore, with limited water exchange with bay waters. 
Caesar’s Creek is the main tidal pass connecting the south bay area to the offshore reefs. Pacific 
Reef is a low relief hardbottom characterized by scattered scleractinian, gorgonian octocorals, 
and sponges (Weil et al. 1996).  
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6.3.2 Sample collections 
  A combination of dry museum specimens and field collections were used for this study. 
Three symbiotic gorgonian species were selected based on distributions, abundances, 
productivity, and availability of museum specimens: Antillogorgia acerosa, Eunicea flexuosa, 
and Pterogorgia anceps (Fig. 6.3). These species are abundant and have wide distributions in 
BNP, ranging from turbid, nearshore hardbottom habitats to clear, outer reefs. In addition, these 
species are reported to be primarily autotrophic in shallow-water environments. Eunicea flexuosa 
and A. acerosa have been used in previous isotopic studies (Ward-Paige et al. 2005; Sherwood et 
al. 2010; Baker et al. 2017). Pterogorgia anceps has not been included in previous isotopic 
studies but is being tested here because it is the dominant species in nearshore and bay waters 
(Kaufman 2004).  
  Field specimens were collected in November 2017. Three branch tips, 3–5 cm in length, 
were clipped from three colonies of each species and placed in a zippered plastic bag. Only 
branch tips were sampled to ensure that samples were representative of the most recent growth. 
Moderate-sized colonies were targeted because growth rates are rapid in the first few years and 
then slow as the colony reaches maximum size (Kapela and Lasker 1999; Lasker et al. 2003). 
Samples were air-dried for 48 hours and species identifications verified using microscopic 
analysis of sclerites when needed (Bayer 1961). All samples were collected from depths of 2–6 
m.  
  Dry museum specimens were obtained from the collection archives at the University of 
Miami, Rosenstiel School of Marine and Atmospheric Science (RSMAS). A 3–5 cm section was 
clipped from one branch tip of each colony (Table 6.2). Care was taken to select colonies of 
moderate size with intact branch tips.  
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Figure 6.3. Representative images of collected species: a) Antillogorgia acerosa, b) Eunicea 
flexuosa, and c) Pterogorgia anceps. 
6.3.3 Stable isotope preparation and analysis 
  To prepare samples for stable isotopic analysis I used the most distal 1–2 cm of the 
branch tip to assess the most recent growth at the time of collection. The tissue was separated 
from the axis and then, using a dissecting scope, the axis was scraped with a scalpel to remove 
residual tissue and sclerites. Once clean the axis was diced and ground with a mortar and pestle. 
 Approximately 0.6–1.5 mg of the axis sample was weighed on a precision micro-balance, 
placed in a 4 x 6 mm silver capsule, and processed by University of South Florida, College of 
Marine Science Stable Isotope Laboratory using in a Costech ECS4010 Elemental Analyzer 
(EA) coupled in continuous flow mode to a ThermoFisher Scientific Delta V Advantage Isotope 
ratio mass spectrometer (IRMS). 
  Samples were simultaneously analyzed for bulk carbon and nitrogen stable isotopes. 
Stable isotopic values were expressed in per mil using delta notation (see Appendix E) and 
normalized relative to the AT-Air (δ13C) and VPDB (δ15N) scales, using NIST 8573 and NIST 
8574 l-glutamic acid Standard Reference Materials (SRM). Analytical uncertainty estimates 
were expressed as ±1 standard deviation of replicate measurements of a working laboratory 
standard (NIST 1577b Bovine Liver SRM, n = 10; δ15N ± 0.09‰; δ13C ± 0.12‰; C:N ± 0.07‰). 
 172 
 
  Because the primary focus of this study was nitrogen isotopic values, samples were not 
pretreated for carbonates or lipids prior to analysis. Therefore, δ13C values should be interpreted 
with caution as values may have residual inorganic carbon from sclerites without acid treatment. 
For a more detailed description of sample preparation and analysis see Appendix E.  
6.3.4 Statistical analysis 
 
  Statistical analyses were performed using PRIMER-E v7 with PERMANOVA add-on 
package (Anderson 2001; Anderson et al. 2008). When the PERMANOVA routine is applied to 
a single-response variable using a Euclidean distance measure, it is the equivalent of a univariate 
ANOVA. Moreover, because PERMANOVA p-values are obtained by permutation, the test is 
statistically more robust and avoids the assumption of normality; therefore, homogeneity of 
dispersions is the only assumption that needs to be addressed (Anderson 2001). The PERMDISP 
routine in PRIMER-E was used to verify the assumptions of homogenous within group 
dispersions required by PERMANOVA. PERMDISP on Euclidean distance is the equivalent of a 
Levene's test (Anderson et al. 2008).  
 For this study, one-way PERMANOVA designs were selected to test for significant 
differences in mean δ15N and δ13C values of gorgonians 1) within species, 2) between species, 3) 
between sites, and 4) over time. Post-hoc pairwise t-tests were used when significant differences 
were detected with the PERMANOVA main tests. All tests were permuted with 999 restarts 
(Anderson et al. 2008). 
  Intra- and inter-species variability was examined using specimens collected at Soldier 
Key in 2017. Spatial variability was examined using specimens collected from Pacific Reef and 
Soldier Key in 1960. Temporal variability was tested using only Antillogorgia acerosa 
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specimens. All isotopic values were reported as mean ± one standard deviation of the replicate 
samples. An alpha of 0.05 was considered statistically significant.  
  A power analysis was performed using Matlab® to determine the minimum sample size 
required to detect differences of 0.25, 0.5, 0.75, and 1.0‰ for each species with 80% or 90% 
confidence. Standard deviations were based on values reported in this study. Usually, a power 
analysis is best when conducted prior to data collection; however, a priori data were limited for 
these species.  
6.4 Results 
  Overall, 29 gorgonian specimens were analyzed for bulk C and N stable isotopes. The 
δ15N values ranged between 2.7–6.5‰ (Table 6.2). The δ13C values ranged between -11.2 and -
17.5‰. The most enriched δ15N value was from a Pterogorgia specimen from Soldier Key in 
2017 and the most depleted value was from an Antillogorgia specimen collected in 1960 at 
Pacific Reef. The most enriched δ13C value (-11.2) was from a Pterogorgia specimen from 
Soldier Key in 1939 and the most depleted value (-17.5) was from an Eunicea specimen 
collected in 2017 (Fig. 6.4).  
6.4.1 Intra- and inter-species variation 
  Nine gorgonian colonies, three branch tips each, were sampled at Soldier Key in 2017 
and analyzed for intra- and inter- species variation. The δ15N values of sampled specimen ranged 
between 4.3–5.8‰. Mean δ15N values for A. acerosa were 0.4‰ enriched compared to the other 
two species. No difference was detected within species (Table 6.3) or between species [df= 2, 
SS= 0.31, Pseudo-F= 2.9, P(perm) = 0.13] (Fig. 6.5).  
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Table 6.2 Mean (± stdev) δ15N, δ13C, and mass C:N of specimen used in this study. Species 
abbreviations: Aace is Antillogorgia acerosa, Efle is Eunicea flexuosa, and Ptanc is Pterogorgia 
anceps. 
 
 
Figure 6.4 δ13C versus δ15N of gorgonian samples collected at Soldier Key. Species 
abbreviations as in Figure 6.2. 
 
 
Collection Species Year Site n
RSMAS Aace 1939 Soldier Key 2 4.9 ± 0.1 -14.5 ± 0.6 3.4 ± 0.1
RSMAS Aace 1948 Soldier Key 1 5.9 -14.6 3.3
RSMAS Aace 1960 Soldier Key 3 5.1 ± 0.4 -14.6 ± 0.4 3.3 ± 0.1
NPS Aace 2017 Soldier Key 3 5.4 ± 0.2 -16.4 ± 0.7 3.3 ± 0.3
RSMAS Aace 1960 Pacific 4 3.1 ± 0.3 -13.2 ± 0.7 3.2 ± 0.1
RSMAS Efle 1960 Soldier Key 2 4.7 ± 0.1 -13.5 ± 0.2 3.5 ± 0.4
RSMAS Efle 1960 Pacific 3 4.1 ± 0.4 -13.1 ± 0.8 3.6 ± 0.1
NPS Efle 2017 Soldier Key 3 5.0 ± 0.2 -16.5 ± 0.6 3.4 ± 0.2
RSMAS Ptanc 1937 Soldier Key 1 6.5 -12.9 3.4
RSMAS Ptanc 1939 Soldier Key 1 5.2 -11.2 3.2
RSMAS Ptanc 1959 Soldier Key 1 4.9 -12.8 3.2
RSMAS Ptanc 1960 Soldier Key 2 4.9 ± 0.3 -11.9 ± 0.3 3.5 ± 0.1
NPS Ptanc 2017 Soldier Key 3 5.0 ± 0.4 -14.4 ± 0.5 3.4 ± 0.2
C:N (mass)δ15N (‰) δ13C (‰)
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  Mean δ13C values were similar for E. flexuosa (-16.5‰ ± 0.6) and A. acerosa specimen (-
16.4 ± 0.7); but were enriched by ~+2‰ in Pt. anceps (-14.4 ± 0.5) (Table 6.2 and Fig. 6.4). 
Significant differences were detected among species [df = 2, SS= 31.8, Pseudo-F = 43.7, P(perm) 
= 0.0001]. Results of post-hoc pairwise tests showed Pt. anceps was significantly different from 
both A. acerosa [t = 7.5, p(perm)=0.0001] and E. flexuosa [t = 9.4, p(perm) = 0.0001], while 
values for A. acerosa and E. flexuosa were not significantly different [t=0.59, P(perm)=0.56]. 
 
Table 6.3 One-way PERMANOVA results on zero-transformed Euclidean distance matrix to test 
for intra-species variation on specimen collected at Soldier Key in 2017. Species abbreviations as 
in Figure 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. Mean (± stdev) of δ15N values for species sampled at Solider Key 2017. Species 
abbreviations as in Figure 6.2. 
Species Source df SS MS Pseudo-
F 
P(perm) Unique 
perms 
P(MC) 
Aace 
Colony 2 0.241 0.121 3.04 0.143 136 0.124 
Res 6 0.238 0.040              
Total 8 0.479           
Efle 
Colony 2 0.200 0.100 1.99 0.188 78 0.221 
Res 6 0.302 0.050         
Total 8 0.502           
Ptanc 
Colony 2 0.629 0.315 5.33 0.030 241 0.052 
Res 6 0.354 0.059         
Total 8 0.983           
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 6.4.2 Spatial variation 
 
  Twelve museum specimens (seven A. acerosa, five E. flexuosa) from 1960 were selected 
to test for spatial differences between sites. δ15N values of sampled specimen ranged between 
2.7–4.8‰. At Soldier Key mean δ15N values (4.9 ± 0.3) were enriched by +1.4‰ relative to 
mean δ15N values (3.5 ± 0.6 ) at Pacific Reef (Fig. 6.7). Mean δ13C were +1.4‰ enriched at 
Pacific Reef (-13.2 ± 0.7) relative to Soldier Key (-14.6 ± 0.4) and were significantly different 
[df=2, SS=17.6, Pseudo-F=9.49, p(perm)=0.003]. 
 
 
Figure 6.6. Mean (± stdev) of δ15N values for museum specimen collected at Solider Key and 
Pacific Reef in 1960. 
 
6.4.3 Temporal variation 
  Nine colonies of A. acerosa from Soldier Key were analyzed for differences in δ15N 
values over time at Soldier Key. The δ15N values ranged between 4.8–5.9%. The low-end value 
was from a sample collected in 1960. The most enriched (5.9‰) was from a single sample 
collected in 1948. No significant differences were detected between years [df= 3, SS= 0.62, 
Pseudo-F= 2.1, P(perm)= 0.21]. Mean δ13C values were not significantly different between 1939 
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(-14.5 ± 0.6), 1948 (-14.6), and 1960 (-14.6± 0.4); but were significantly different from 2017 
values which were depleted by ~2‰ (-16.4 ± 0.7) (Table 6.2 and Fig. 6.4).  
 
 
Figure 6.7. Mean (± stdev) of δ15N values for A. acerosa branch tips collected at Solider Key 
from 1939–2017. 
6.4.4 Power analysis 
 Results of the power analysis show that a minimum of three samples is needed to detect a 
difference of 1.0‰ in A. acerosa and E. flexuosa. Pterogorgia anceps was more variable and 
would require four samples to detect a difference of 1.0‰ with >80% confidence.  
Table 6.4. Power analysis results. Species abbreviations as in Figure 6.2. 
 
 
 
 
 
 
species stdev N required for 80% power  
(alpha =0.05) 
N required for 90% power  
(alpha =0.05) 
  Δ0.25 Δ0.50 Δ0.75 Δ1.0 Δ0.25 Δ0.50 Δ0.75 Δ1.0 
Efle 0.20 8 4 3 3 9 5 4 3 
Aace 0.25 10 5 4 3 12 5 4 3 
Ptanc 0.35 18 7 4 4 23 8 5 4 
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6.5 Discussion 
  Stable isotopic analyses of gorgonians have proven to be useful tool for discriminating 
between and tracing sources of nitrogen (e.g., sewage and agricultural run-off) and carbon in 
coastal ecosystems, especially in highly urbanized locations (McClelland et al. 1997; David et al. 
2010; Risk et al. 2014; Duprey et al. 2017). Using a combination of field and museum 
collections, my study tested the hypothesis that δ13C and δ15N data from gorgonian skeletons can 
provide a record of change in nitrogen and carbon sources as indicated by differences in time and 
space. In support of this hypothesis, my study detected a depletion of ~2‰ in δ13C values 
between pre-1960s samples and 2017, as well as an enrichment of δ15N values at the nearshore 
site relative to the offshore site. However, no change was detected in δ15N values between 
species or years collected from the same location. The results presented herein provide isotopic 
data from Biscayne, dating back to 1939. Furthermore, this is the first recorded use of gorgonians 
for quantifying these isotopes in BNP.  
6.5.1 Intra- and inter-species variation 
Understanding differences in species-specific fractionations are essential to the design, 
outcome, and interpretation of isotopic analyses (Baker et al. 2011). The use of symbiotic 
gorgonians as a tool for isotopic studies is relatively new and studies investigating these 
variations are sparse (Baker et al. 2010; Baker et al. 2017). To date, only six out of the 39 
symbiotic gorgonian species (Chapter 2, Table 2.2) commonly reported in Florida have been 
analyzed in previous isotopic studies: Plexaura homomalla (Ward-Paige et al. 2005; Sherwood 
et al. 2010), Eunicea flexuosa (Ward-Paige et al. 2005; Sherwood et al. 2010), Gorgonia 
ventalina (Baker et al. 2007; Baker et al. 2011; Baker et al. 2013), Antillogorgia acerosa (Baker 
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et al. 2010), Antillogorgia americana (Baker et al. 2010; Baker et al. 2011), and Pseudoplexaura 
porosa (Baker et al. 2017).  
According to Baker et al. (2010), species that are reliant mostly on autotrophic 
contributions fractionate very little during uptake and thus their bulk-isotopic values closely 
resemble that of the basal source, making them ideal target species. Heterotrophic feeding can 
introduce noise in bulk stable isotopic analyses that can complicate interpretations. Baker et al. 
(2015) evaluated trophic status in 11 common symbiotic gorgonian species and found 
dependence on heterotrophic feeding to be strongly correlated with polyp size and colony 
morphology. Gorgonia and Antillogorgia species were identified as net autotrophs, whereas 
most plexaurid (e.g., Eunicea and Plexaura) species were net heterotrophs. In fact, there is 
evidence that G. ventalina values can assimilate DIN with minimal fractionation +0.1‰ 
compared to the source (Baker et al. 2010; Baker et al. 2017). Eunicea flexuosa and P. 
homomalla were also targeted in several studies (Ward-Paige et al. 2005; Sherwood et al. 2010; 
Risk et al. 2014). Although Sherwood et al. (2010) did not state the reasons for species selection, 
these species are easy to identify in the field and are widely distributed. Sherwood et al. (2010) 
assumed that these species acquired half of their nutrition directly from photosynthesis of their 
symbionts and the other half from heterotrophy, resulting in isotopic values approximately one-
half of a trophic level above the primary producers. For example, if macroalgae had δ15N values 
of ~3‰, those of gorgonians should be ~4.5‰. 
In my study, two abundant, widespread, and easily identifiable species (i.e., A. acerosa 
and E. flexuosa) that were analyzed in previous isotopic studies, were compared to a species (i.e., 
Pterogorgia anceps), that has not been previously studied but is dominant in nearshore waters 
(Opresko 1973; Kaufman 2004). Although Gorgonia ventalina was used in several previous 
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isotopic studies, it is considered an offshore species (Chapter 2, p. 46) and is generally not often 
found in areas within 1 km of shore that are affected by increased sedimentation and nutrient 
enrichment. Therefore, I selected species that are abundant in nearshore and bay waters as well as 
offshore habitats.  
Overall, the null hypothesis of no difference in δ15N values between species from the 
same location and year was supported. This suggests the A. acerosa, E. flexuosa, and Pt. anceps 
at Soldier Key are acquiring nutrients by similar means and would be comparable across studies. 
However, enriched δ13C values indicate Pt. anceps may be feeding more heterotrophically than A. 
acerosa and E. flexuosa. The ability to detect differences between species <1.0‰ was hindered 
by sample size, therefore larger sample sizes are needed to identify additional species-specific 
differences.  
Bulk analyses are the summation of the source isotopes and all fractionations associated 
with transport and incorporation into the tissues (Fry 2006; Risk et al. 2009; Baker et al. 2010). 
Therefore, bulk analyses can be influenced by confounding factors, such as starvation or changes 
in light levels, which often make data interpretation ambiguous (McClelland and Montoya 2002). 
More recently, a compound specific approach using amino acids has proven successful at 
separating the changes in fixed nitrogen sources versus changes in trophic transfer (McClelland 
and Montoya 2002) allowing for a deeper understanding of fractionation patterns. Compound-
specific isotopic analysis (CSIA) has been conducted on zooplankton (McClelland and Montoya 
2002), macroalgae (Chikaraishi et al. 2009), mollusks (Ellis 2012), various fish species (Ellis 
2012), and deep-sea gorgonians (Sherwood et al. 2011). For future isotopic investigations into 
species-specific differences and nutrition in gorgonians, a compound-specific isotopic analysis 
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would allow determination of the amount of heterotrophic vs photoautotrophic feeding in 
symbiotic gorgonians. 
6.5.2 Spatial variation.  
   Isotopic values in gorgonians can be influenced by proximity to mangroves and 
seagrasses, as well as a range of natural processes including light fractionation with depth, 
increased heterotrophic feeding, deepwater upwelling, sediment resuspension, and 
denitrification. As a result, the natural processes vary considerably with geographic area, thus 
baseline values for sites unaffected by sewage can also vary considerably with location (Swart et 
al. 2013). Therefore, finding a natural baseline for inter-reef comparisons is challenging when 
historic data are lacking. The alternative is to select reference sites from areas with comparable 
environmental conditions and nutrient sources, minus human influence (Heikoop et al. 2000). 
However, because δ15N patterns are so strongly influenced by different natural localized sources 
and hydrodynamic regimes (Szmant and Forrester 1996), selection of reference locations can 
also be a challenge that could potentially lead to misinterpretations of data (Baker et al. 2010). 
  Studies by Ward-Paige et al. (2005) and Sherwood et al. (2010) have previously 
demonstrated that gorgonians could be used to detect anthropogenic signals using nitrogen 
isotopic ratios. Ward-Paige et al. (2005) compared a heavily tourist-impacted reef site in Mexico 
< 0.2 km from shore and a remote offshore reef site (~75 km) in Belize to reefs throughout the 
Florida Keys. They found that samples from the Belize site were depleted (< 2‰) relative to the 
samples from Florida Keys, and samples from the Mexico site were enriched (> 6‰) relative to 
the Florida Keys. Sherwood et al. (2010) used Green Turtle Cay, a fringing reef site ~5 km 
offshore of Abaco Island, Bahamas, as a reference site for analyzing δ15N on the southeast coast 
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of Florida in relation to sewage outfalls.  They found that samples from the Bahamas site ranged 
from +2 to +3‰, whereas sites off of southeast Florida were >4.5‰.   
  Along the Florida Reef Tract, δ15N values > 4‰ have been identified as impacted by 
sewage (Lapointe et al. 2004). Baker et al. (2011) state that a δ15N of < 4‰ would indicate that 
“sewage-derived nitrogen is absent or a minor contribution” (p.173). In contrast, in Australia, 
Heikoop et al. (2000) used a threshold of 6–10‰ as sewage affected and considered that δ15N of 
4–6‰ was unaffected. The δ15N of ~3.5‰ at Pacific Reef that I recorded for A. acerosa and E. 
flexuosa compares most closely to findings by Ward-Paige et al. (2005) at Carysfort Reef, an 
offshore reef in the Upper Keys that was designated as a clean site (i.e., unaffected by sewage) 
based on water quality data (Fig. 6.8). Whereas, the δ15N of ~4.9‰ that I recorded at Soldier 
Key most closely compares to Long Key and Jaap Reef, two inshore reefs that were designated 
as dirty sites by Ward-Paige et al. (2005).  Based on the Lapointe et al. (2004) threshold of 
4.0‰, Soldier Key would be considered affected by sewage; however, based on Heikoop et al. 
(2000) Soldier Key would be considered unaffected. Thus, Swart et al. (2013) argue that 
assigning threshold values is impractical given the natural variations in isotopic values. 
  I used museum specimens collected in 1960 to test for differences in δ15N and δ13C 
between Soldier Key, a north-central site at the mouth of Biscayne Bay near Safety Valve, and 
Pacific Reef, a south-central site on the outer reef. The δ15N at Soldier Key were significantly 
enriched, while the δ13C were depleted, relative to specimens collected at Pacific Reef (Fig. 6.6). 
Some of the possible factors responsible for between site differences include: 
1. Dilution with distance from shore. Swart et al. (2013) found nutrient enrichment (δ15N 
= 7–10‰) nearshore in BNP returned to oligotrophic levels <1 km from shore. My data 
supports this interpretation. The same trend was reported by Sherwood et al. (2010) in 
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Green Turtle Cay in the Bahamas, where in-harbor δ15N values were 4–10‰, nearshore 
values were ~3‰, and those from outer reefs averaged 2‰. The same trend was reported 
by Baker et al. (2017) in Bermuda and Ward-Paige et al. (2005) in the middle and lower 
Florida Keys (Figure 6.8).  
2. Proximity to mangrove shoreline and seagrasses. Soldier Key is ~13km from 
mainland, ~8.5 km from Key Biscayne, and <1 km from seagrass beds and mangroves. 
Heikoop et al. (2000) noted that isotopic ratios from nearshore sites can be enriched 
relative to offshore sites naturally because of proximity to mangroves and seagrasses. 
Denitrification can preferentially oxidize depleted 15N and leave nitrate enriched in 15N 
(+4 to +9, Gormly and Spalding 1979; Nadelhoffer and Fry 1994). Similarly, more 
depleted δ13C could be a result of mangrove or seagrass detritus, which would deplete 
local isotopic carbon when remineralized. Depleted δ13C in an algal-symbiotic host could 
result from uptake and translocation of the lighter isotope from the algal symbionts to 
their host, or from heterotrophic consumption (Risk et al. 1994).  
3. Resuspension of sediments. Dredge-and-fill activities, boat traffic, and storms can 
increase turbidity via resuspension of sediments (Szmant and Forrester 1996). After 
World War II, extensive dredge-and-fill activities were associated with the widening of 
shipping channels, construction of causeways, and man-made islands. A single gorgonian 
sample collected in 1948 was analyzed for isotopic composition and found to have 
enriched δ15N values relative to other years. This δ15N enrichment is likely associated 
with the post-war expansion activities (e.g., dredging of shipping channels); however, 
additional time-series data are needed to support that hypothesis. Extensive recreational 
activities and shallow water near Soldier Key could also cause resuspension via boat 
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traffic. The Safety Valve area is a high boat traffic area as it is one of the main passes in 
and out of Biscayne Bay. 
4. Source mixing. Mixing of agricultural and sewage sources could result in 
underestimations of sewage impacts, because fertilizers tend to be depleted (0 to +3‰) in 
δ15N while sewage is enriched (+6 to +22‰) (Baker et al. 2010). However, in my data, 
isotopic values from specimens collected prior to intense agricultural use are similar to 
current values relative to δ15N. 
5. Increased heterotrophic feeding. In tropical shallow waters, most gorgonians are 
symbiotic and thereby capable of acquiring nutrients from endosymbionts as well as 
through heterotrophic feeding on plankton and suspended particulates in the water 
column (Lasker 1981; Ribes et al. 1998). Heterotrophic feeding has been correlated with 
morphology and polyp size (Porter 1976; Baker et al. 2015). Sea fans and sea plumes 
reportedly acquire most of their energy from photosynthesis of their algal symbionts, 
while sea rods exhibit varying degrees of heterotrophy (Baker et al. 2015). When 
heterotrophy increases, δ15N and δ13C values become more enriched relative to their food 
source (McCutchan et al. 2003). Depleted values of -14.6 ± 0.4‰ in δ13C at Soldier Key 
site could mean more particulates are available because it is a more turbid site (Anthony 
and Fabricius 2000). 
6. Light fractionation. Baker et al. (2011) studied light-mediated fractionation in G. 
ventalina and A. americana and found that δ15N values were more depleted in low light 
environments. The basic mechanism is that high light increases photosynthesis causing a 
local limitation in nitrogen and reduction in discrimination against the heavier isotope. 
The opposite occurs in low light environments. At Soldier Key δ15N values were more 
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enriched, not more depleted, in more turbid conditions; therefore, light fractionation 
likely did not play a substantial role in isotopic variations. 
  In a cross-study comparison with other isotopic studies conducted in the Florida Keys, 
some gross patterns can be recognized. The first is an inshore-to-offshore gradient, with 
nearshore sites (< 2 km) being enriched > 4.0‰ (Ward-Paige et al. 2005; Sherwood et al. 2010). 
Exceptions are two nearshore macroalgal collection sites in BNP reported by Swart et al. (2013) 
from the east side of Soldier Key protected from the bay waters. Ward-Paige et al. (2005) 
recorded the lowest δ15N values from the Upper Keys, with higher and more variable values in 
sites in the Middle and Lower Keys (Figs. 6.8, 6.9).  
 
Figure 6.8. Cross-study comparison of stable isotope data collected in Southeast FL, Biscayne 
National Park, and the Florida Keys. The gray highlighted area marks an area of uncertainty in 
bulk analysis interpretations using symbiotic organisms. (G) represents the use of gorgonians for 
analysis. (M) represents the use of macroalgae.
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Figure 6.9. Temporal and spatial variations in δ15N values by region of the Florida Keys: (top) 
Upper Keys, (middle) Middle Keys, and (bottom) Lower Keys (figure reproduced from Ward-
Paige et al. 2005).
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6.5.3 Temporal variation 
 
  When comparing δ15N and δ13C values in A. acerosa colonies at Soldier Key from the 
late 1930s though 2017 (Table 6.2; Figs. 6.4 6.7), no trend was detected in δ15N. Although 
variability in δ15N appears to be greater in 1960 and 2017 compared to 1939 samples, the sample 
sizes are too small to determine if those differences are significant. However, a significant 
difference was detected in δ13C values, with pre-1960 specimens significantly depleted (~2‰) 
relative to 2017 specimen. 
  Lack of difference in δ15N between years provides evidence against the source-mixing 
hypothesis, as values in 1939, when agricultural fertilizers were not in heavy use, were not 
significantly different from 1960 or 2017, following several decades of fertilizer use. Based on 
the lack of temporal differences in δ15N and enriched values (> 4.9‰), exceeding the threshold 
values used in several other previously mentioned studies, sewage contamination may have 
begun with the early expansion of Miami in the 1920s, when raw sewage was being discharged 
directly into waterways (McNulty 1961; Hudson et al. 1994). Ward-Paige et al. (2005) similarly 
found no change in δ15N in clean sites in the Upper Keys since 1978. However, that study 
examined only offshore sites in the Upper Keys. 
  Baker et al. (2010) reported a decline in δ13C values of ~3.1‰ for Antillogorgia 
(previously Pseudopterogorgia) from mid-1800s to 1980. The δ13C values reported by Ward-
Paige et al. (2005) for P. homomalla and E. flexuosa averaged over a 5-yr period also showed a 
decreasing trend of ~3‰ over time from 1974–2001 (roughly -15.0‰ to -17.9‰). The decline in 
δ13C values from pre-1960s to 2017 of A. acerosa (-13.2‰ to -16.4‰), E. flexuosa (-13.1‰ to -
16.5‰), and Pt. anceps (-11.2‰ to -14.4‰) found in my study are consistent with ~3‰ decline 
reported by Baker et al. (2010) and Ward-Paige et al. (2005). These δ13C values are negatively 
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correlated with increasing atmospheric CO2 and support known rates of global change from 
increasing fossil fuel combustion (Suess effect) (Druffel and Benavides 1986; Swart et al. 2010).  
  Of notable interest in Figure 6.9 are the fluctuations in isotopic values at the sites nearest 
to shore in the Middle and Lower Keys (Ward-Paige et al. 2005). Peaks in δ15N values coincide 
with heavy rainfall events that occurred during ENSO years in 1982, 1994–1995, and 1997–1998 
(Caccia and Boyer 2007; Lapointe et al. 2019). Although, Ward-Paige et al. (2005) stated that 
isotopic data from annual growth bands were too imprecise to link to specific events, the data 
clearly show an inshore signal worthy of further investigation. 
6.5.4 Power analysis and sample size 
  The power analysis indicated 3–4 samples are needed to accurately detect a statistical 
difference of 1.0‰ using the tested specimens. This number proved adequate for investigating 
many site-based scenarios (Ward-Paige et al. 2005; Baker et al. 2007; Baker et al. 2017). 
However, when examining species-specific differences, my results indicate that 5–10 samples 
are needed to detect differences of <1.0‰ in species with higher variability (e.g., Pterogorgia 
anceps).  
6.6 Conclusions  
  This paper demonstrates the potential of gorgonians for assessing temporal and spatial 
patterns in isotopic composition, with the following conclusions: 
• The lack of significant differences in δ15N values of Antillogorgia acerosa collected 
in 1939, 1960, and 2017 suggests either 1) sewage contamination has been affecting 
Soldier Key at reduced levels since the late 1930s, or 2) natural processes such as 
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proximity to mangroves and seagrass, heterotrophic feeding, or nitrogen fixation may 
be causing the natural baseline values to be higher.  
• Enrichment in δ15N values of specimens collected at Soldier Key, a north-central 
hardbottom area near the mouth of Biscayne Bay, compared to specimens from 
Pacific Reef, a south-central outer reef, indicates some influence of sewage 
contamination may be reaching the Soldier Key area. 
• Significant depletion in δ13C values of gorgonian specimen between pre-1960s 
samples and 2017 reflects the Suess effect, the accumulation of depleted CO2 in the 
atmosphere from burning of fossil fuels (e.g., Baker et al. 2010; Sherwood et al. 
2010).  
• When designing isotopic studies with gorgonians, selection of target specimen must 
take into consideration species-distribution patterns, differences in resource 
allocation, and site-based differences. Species that are 1) abundant, 2) easy to 
identify, 3) found in inshore and offshore habitats, and 4) net autotrophs are likely to 
produce the most reliable results. 
• Dried specimens from museum collections can provide useful isotopic data that can 
document long-term trends. 
• The lack of difference in δ15N values among A. acerosa, E. flexuosa, and Pt. anceps 
collected from the same time and location indicates that all are acquiring nitrogen by 
similar means and should be comparable across studies. 
 
 
 
 190 
 
6.7 Recommendations for future work 
 Because isotopic work on symbiotic gorgonians is relatively new, there is a great deal of 
room for improvement and future studies. The following are recommendations based upon 
my study: 
• Sampling that is restricted to small spatial scales can lead to overgeneralizations or 
missed patterns, therefore, more collaborative and widespread sampling of 
gorgonians along gradients north to south and inshore to offshore in all regions of the 
Florida Reef Tract from Martin County to Dry Tortugas is needed to more effectively 
assess impacts at larger scales.  
• Comparisons of isotopic values with current benthic monitoring data to find 
relationships with shifts in community structure. 
• Additional species-specific comparisons to determine which species are comparable 
across studies.  
• More retrospective reconstructions using annual growth bands that can be compared 
to other time-series data such as annual rainfall data. 
• Compound-specific isotopic analyses using amino acids may prove useful in 
separating the changes in fixed nitrogen sources versus changes in trophic transfer, 
allowing for a deeper understanding of fractionation patterns.  
• Proximity-effect studies (e.g., Sherwood et al. 2010) that address changes in isotopic 
composition with distance from sewage outfalls or other potential sources of 
influence on isotopic ratios.  
• Ecosystem modeling that includes mixing models to account for both natural and 
anthropogenic sources. 
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7 SYNTHESIS AND RECOMMENDATIONS 
7.1 Chapter overviews 
 In Chapter 2, I compiled widely scattered taxonomical, biological, and ecological 
research on shallow-water symbiotic gorgonians in the wider-Caribbean into a comprehensive 
resource document that can be used by researchers and managers to inform and promote future 
studies. This chapter has been submitted to Coral Reefs for publication and has been accepted 
pending revisions. 
In Chapter 3, multivariate techniques were used to compare octocoral assemblages at six 
patch reef sites within BNP sampled over a five-year period (1977–81) with data collected at the 
same sites nearly 40 years later (2016). Significant differences in composition and abundance 
were detected among sites and years. Results suggest a decline in overall abundance of 
gorgonians since the 1970s, with a substantial increase in the relative abundance of stress 
tolerant species such as Antillogorgia spp. at all six sites.   
In Chapter 4, I proposed a new method for classifying gorgonian assemblages remotely 
using Structure from Motion orthomosaic imagery. Given the inherent difficulties with 
identifying gorgonians to species level in the field, classification of gorgonians from high-
resolution mosaic imagery at genus level offers numerous advantages for monitoring that are 
currently using coarser taxonomic resolution. Overall classification success was 92% for an 
observer familiar with gorgonian taxonomy and 88% for an observer with no prior knowledge of 
gorgonian taxonomy. This study shows that gorgonians can be accurately identified from high-
resolution landscape imagery that can be collected quickly with minimal cost and time spent 
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underwater. This was the first attempt at developing criteria for identifying gorgonians from 
high-resolution landscape images and showed considerable promise. However, this study was 
limited by geographic location, inclement weather, and time; further testing and application of 
the procedure will benefit from additional sampling from more locations. 
Chapter 5 is a methods paper for improving the quality of images used in quantitative 
benthic surveys. Nine easy-to-access and automated image-enhancement techniques were 
evaluated and described using images collected in a variety of field conditions. Results showed 
the top-performing enhancement techniques for shallow water were Contrast Limited Adaptive 
Histogram Equalization on each color channel (CLAHE RGB) and automated Adobe® 
Photoshop® techniques. These enhancements can be used to improve orthomosaic alignment or 
simply as mechanisms for recovering data from images that may have appeared unusable. 
In Chapter 6,  stable carbon and nitrogen isotopes were analyzed for three abundant and 
widely distributed gorgonian species, Antillogorgia acerosa, Eunicea flexuosa, and Pterogorgia 
anceps, collected at temporally distant timeframes to determine 1) intra- and inter-species, 2) 
temporal, and 3) spatial variations at two sites in Biscayne National Park: Soldier Key, a north- 
central site at the mouth of Biscayne Bay near Safety Valve, and Pacific Reef, a south-central 
site on the outer reef. Results demonstrated the potential of gorgonians for assessing temporal 
and spatial patterns in isotopic composition, with the following conclusions 
• When designing isotopic studies with gorgonians, selection of target species must 
consider species-distribution patterns, differences in resource allocation, and site-
based differences. Species that are 1) abundant, 2) easy to identify, 3) found in 
inshore and offshore habitats, and 4) net autotrophs, are likely to produce the most 
reliable results. 
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• Dried specimens from museum collections can provide useful isotopic data that can 
document long-term trends. 
• The lack of difference in δ15N values among A. acerosa, E. flexuosa, and Pt. anceps 
collected from the same time and location indicates that all acquired nitrogen by 
similar means and should be comparable across studies. 
• Significant depletion in δ13C values of gorgonian specimen between pre-1960s 
samples and 2017 reflects the Suess effect, the accumulation of depleted CO2 in the 
atmosphere from burning of fossil fuels (Baker et al. 2010; Sherwood et al. 2010).  
• Enrichment in δ15N values of specimens collected at Soldier Key, a hardbottom area 
near the mouth of Biscayne Bay, compared to specimens from Pacific Reef, indicates 
some influence of sewage contamination may be reaching the Soldier Key area. 
• The lack of significant differences in δ15N values of Antillogorgia acerosa collected 
in 1939, 1960, and 2017 suggests either 1) sewage contamination has been affecting 
Soldier Key at reduced levels since the late 1930s, or 2) natural processes such as 
proximity to mangroves and seagrass, heterotrophic feeding, or nitrogen fixation may 
be causing the natural baseline values to be elevated.  
7.2 Implications  
This dissertation provides a foundation from which other researchers can build upon and 
showcases the wealth of knowledge to be gained from gorgonians.  Major limitations to this 
work were weather and time.  The work presented in these chapters provides many opportunities 
and recommendations for future studies. Such future work will likely be limited only by 
researchers’ abilities to create new and innovative ways to use the tools at hand.   
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APPENDIX A: SUMMARY OF GORGNOIAN SPECIES ABUNDANCE AT EIGHT REEF SITES IN BISCAYNE 
NATIONAL PARK 1977–81 
Table A1. Summary of gorgnoian species abundance at eight reef sites in biscayne national park 1977–81 
REEF YEAR SPECIES BI Rank 
(B.I) 
N 
(transects) 
abundance relative 
abundance 
cumulative 
abundance 
Dome 77 Eunicea flexuosa 39 1 2 41 0.1981 0.198 
Dome 77 Plexaura homomalla 36 2 2 29 0.1401 0.338 
Dome 77 Pseudoplexaura porosa 36 2 2 28 0.1353 0.473 
Dome 77 Antillogorgia acerosa 34 4 2 29 0.1401 0.614 
Dome 77 Gorgonian ventalina 31 5 2 12 0.0580 0.671 
Dome 77 Pseudoplexaura flagellosa 31 5 2 12 0.0580 0.729 
Dome 77 Antillogorgia americana 30 7 2 17 0.0821 0.812 
Dome 77 Plexaurella fusifera 27 8 2 7 0.0338 0.845 
Dome 77 Eunicea tourneforti 26 9 2 6 0.0290 0.874 
Dome 77 Plexaurella nutans 23 10 2 2 0.0097 0.884 
Dome 77 Briareum asbestinum 16 11 2 5 0.0242 0.908 
Dome 77 Eunicea fusca 15 12 2 4 0.0193 0.928 
Dome 77 Eunicea succinea 14 13 2 3 0.0145 0.942 
Dome 77 Eunicea laciniata 13 14 2 4 0.0193 0.961 
Dome 77 Muricea atlantica 13 14 2 4 0.0193 0.981 
Dome 77 Eunicea calyculata 11 16 2 1 0.0048 0.986 
Dome 77 Eunicea mammosa 11 16 2 1 0.0048 0.990 
Dome 77 Muricea elongata 11 16 2 1 0.0048 0.995 
Dome 77 Plexaurella grisea 11 16 2 1 0.0048 1.000 
Dome 78 Plexaura homomalla 38 1 2 34 0.1399 0.140 
Dome 78 Briareum asbestinum 36 2 2 25 0.1029 0.243 
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Dome 78 Eunicea flexuosa 36 2 2 32 0.1317 0.374 
Dome 78 Gorgonian ventalina 34 4 2 19 0.0782 0.453 
Dome 78 Pseudoplexaura wagenaari 34 4 2 19 0.0782 0.531 
Dome 78 Antillogorgia americana 30 6 2 23 0.0947 0.626 
Dome 78 Pseudoplexaura flagellosa 29 7 2 10 0.0412 0.667 
Dome 78 Pseudoplexaura porosa 29 7 2 10 0.0412 0.708 
Dome 78 Eunicea calyculata 28 9 2 9 0.0370 0.745 
Dome 78 Eunicea tourneforti 28 9 2 9 0.0370 0.782 
Dome 78 Eunicea fusca 26 11 2 6 0.0247 0.807 
Dome 78 Pseudoplexaura crucis 23 12 2 3 0.0123 0.819 
Dome 78 Muricea atlantica 22 13 2 2 0.0082 0.827 
Dome 78 Antillogorgia bipinnata 20 14 2 23 0.0947 0.922 
Dome 78 Eunicea laciniata 15 15 2 5 0.0206 0.942 
Dome 78 Eunicea knightii 14 16 2 5 0.0206 0.963 
Dome 78 Eunicea succinea 14 16 2 4 0.0165 0.979 
Dome 78 Plexaurella grisea 12 18 2 2 0.0082 0.988 
Dome 78 Antillogorgia acerosa 11 19 2 1 0.0041 0.992 
Dome 78 Plexaurella fusifera 11 19 2 1 0.0041 0.996 
Dome 78 Plexaurella nutans 11 19 2 1 0.0041 1.000 
Dome 79 Eunicea flexuosa 40 1 2 44 0.1774 0.177 
Dome 79 Plexaura homomalla 39 2 2 35 0.1411 0.319 
Dome 79 Briareum asbestinum 37 3 2 32 0.1290 0.448 
Dome 79 Pseudoplexaura porosa 35 4 2 28 0.1129 0.560 
Dome 79 Gorgonian ventalina 34 5 2 24 0.0968 0.657 
Dome 79 Antillogorgia americana 33 6 2 21 0.0847 0.742 
Dome 79 Pseudoplexaura flagellosa 29 7 2 8 0.0323 0.774 
Dome 79 Eunicea calyculata 28 8 2 8 0.0323 0.806 
Dome 79 Eunicea tourneforti 28 8 2 6 0.0242 0.831 
Dome 79 Antillogorgia acerosa 27 10 2 6 0.0242 0.855 
Dome 79 Eunicea laciniata 27 10 2 6 0.0242 0.879 
Dome 79 Pseudoplexaura wagenaari 26 12 2 4 0.0161 0.895 
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Dome 79 Muricea atlantica 25 13 2 3 0.0121 0.907 
Dome 79 Plexaurella fusifera 25 13 2 3 0.0121 0.919 
Dome 79 Antillogorgia bipinnata 17 15 2 13 0.0524 0.972 
Dome 79 Eunicea succinea 14 16 2 3 0.0121 0.984 
Dome 79 Eunicea fusca 12 17 2 1 0.0040 0.988 
Dome 79 Muricea elongata 12 17 2 1 0.0040 0.992 
Dome 79 Muriceopsis flavida 12 17 2 1 0.0040 0.996 
Dome 79 Plexaurella grisea 12 17 2 1 0.0040 1.000 
Dome 80 Eunicea flexuosa 39 1 2 48 0.2388 0.239 
Dome 80 Antillogorgia americana 35 2 2 20 0.0995 0.338 
Dome 80 Plexaura homomalla 35 2 2 23 0.1144 0.453 
Dome 80 Pseudoplexaura porosa 34 4 2 17 0.0846 0.537 
Dome 80 Gorgonian ventalina 32 5 2 15 0.0746 0.612 
Dome 80 Briareum asbestinum 31 6 2 14 0.0697 0.682 
Dome 80 Antillogorgia acerosa 30 7 2 23 0.1144 0.796 
Dome 80 Eunicea calyculata 26 8 2 7 0.0348 0.831 
Dome 80 Pseudoplexaura wagenaari 26 8 2 7 0.0348 0.866 
Dome 80 Plexaurella fusifera 24 10 2 5 0.0249 0.891 
Dome 80 Eunicea tourneforti 23 11 2 4 0.0199 0.910 
Dome 80 Eunicea fusca 21 12 2 2 0.0100 0.920 
Dome 80 Pseudoplexaura flagellosa 14 13 2 8 0.0398 0.960 
Dome 80 Eunicea knightii 12 14 2 1 0.0050 0.965 
Dome 80 Eunicea laciniata 10 15 2 2 0.0100 0.975 
Dome 80 Pseudoplexaura crucis 10 15 2 2 0.0100 0.985 
Dome 80 Muricea atlantica 9 17 2 1 0.0050 0.990 
Dome 80 Plexaurella grisea 9 17 2 1 0.0050 0.995 
Dome 80 Plexaurella nutans 9 17 2 1 0.0050 1.000 
Dome 81 Eunicea flexuosa 40 1 2 45 0.2055 0.205 
Dome 81 Briareum asbestinum 37 2 2 34 0.1553 0.361 
Dome 81 Pseudoplexaura porosa 37 2 2 27 0.1233 0.484 
Dome 81 Plexaura homomalla 35 4 2 24 0.1096 0.594 
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Dome 81 Gorgonian ventalina 33 5 2 20 0.0913 0.685 
Dome 81 Antillogorgia americana 31 6 2 17 0.0776 0.763 
Dome 81 Antillogorgia bipinnata 30 7 2 12 0.0548 0.817 
Dome 81 Pseudoplexaura flagellosa 28 8 2 8 0.0365 0.854 
Dome 81 Eunicea succinea 27 9 2 7 0.0320 0.886 
Dome 81 Eunicea calyculata 26 10 2 5 0.0228 0.909 
Dome 81 Antillogorgia acerosa 23 11 2 2 0.0091 0.918 
Dome 81 Eunicea knightii 23 11 2 2 0.0091 0.927 
Dome 81 Eunicea laciniata 23 11 2 2 0.0091 0.936 
Dome 81 Plexaurella nutans 23 11 2 2 0.0091 0.945 
Dome 81 Plexaurella fusifera 13 15 2 4 0.0183 0.963 
Dome 81 Muricea atlantica 12 16 2 3 0.0137 0.977 
Dome 81 Eunicea tourneforti 11 17 2 2 0.0091 0.986 
Dome 81 Pseudoplexaura crucis 11 17 2 2 0.0091 0.995 
Dome 81 Muricea elongata 10 19 2 1 0.0046 1.000 
Dome Control 77 Plexaura homomalla 40 1 2 49 0.1976 0.198 
Dome Control 77 Pseudoplexaura porosa 36 2 2 30 0.1210 0.319 
Dome Control 77 Antillogorgia americana 35 3 2 26 0.1048 0.423 
Dome Control 77 Eunicea flexuosa 35 3 2 32 0.1290 0.552 
Dome Control 77 Antillogorgia acerosa 34 5 2 25 0.1008 0.653 
Dome Control 77 Gorgonian ventalina 27 6 2 10 0.0403 0.694 
Dome Control 77 Briareum asbestinum 26 7 2 12 0.0484 0.742 
Dome Control 77 Eunicea calyculata 26 7 2 12 0.0484 0.790 
Dome Control 77 Eunicea tourneforti 26 7 2 9 0.0363 0.827 
Dome Control 77 Pseudoplexaura flagellosa 26 7 2 12 0.0484 0.875 
Dome Control 77 Eunicea mammosa 22 11 2 4 0.0161 0.891 
Dome Control 77 Muricea elongata 22 11 2 4 0.0161 0.907 
Dome Control 77 Plexaurella fusifera 22 11 2 4 0.0161 0.923 
Dome Control 77 Plexaurella grisea 22 11 2 4 0.0161 0.940 
Dome Control 77 Eunicea fusca 21 15 2 3 0.0121 0.952 
Dome Control 77 Muricea atlantica 21 15 2 3 0.0121 0.964 
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Dome Control 77 Muriceopsis flavida 14 17 2 5 0.0202 0.984 
Dome Control 77 Eunicea laciniata 11 18 2 2 0.0081 0.992 
Dome Control 77 Eunicea clavigera 10 19 2 1 0.0040 0.996 
Dome Control 77 Plexaurella nutans 10 19 2 1 0.0040 1.000 
Dome Control 78 Eunicea flexuosa 40 1 2 66 0.2349 0.235 
Dome Control 78 Antillogorgia americana 38 2 2 40 0.1423 0.377 
Dome Control 78 Plexaura homomalla 37 3 2 38 0.1352 0.512 
Dome Control 78 Gorgonian ventalina 35 4 2 20 0.0712 0.584 
Dome Control 78 Briareum asbestinum 33 5 2 17 0.0605 0.644 
Dome Control 78 Pseudoplexaura porosa 33 5 2 16 0.0569 0.701 
Dome Control 78 Antillogorgia bipinnata 30 7 2 12 0.0427 0.744 
Dome Control 78 Eunicea tourneforti 30 7 2 11 0.0391 0.783 
Dome Control 78 Pseudoplexaura wagenaari 30 7 2 11 0.0391 0.822 
Dome Control 78 Eunicea laciniata 28 10 2 9 0.0320 0.854 
Dome Control 78 Pseudoplexaura flagellosa 27 11 2 7 0.0249 0.879 
Dome Control 78 Eunicea calyculata 26 12 2 6 0.0214 0.900 
Dome Control 78 Muricea atlantica 26 12 2 6 0.0214 0.922 
Dome Control 78 Eunicea fusca 25 14 2 5 0.0178 0.940 
Dome Control 78 Antillogorgia acerosa 24 15 2 4 0.0142 0.954 
Dome Control 78 Plexaurella fusifera 24 15 2 4 0.0142 0.968 
Dome Control 78 Plexaurella grisea 22 17 2 2 0.0071 0.975 
Dome Control 78 Muriceopsis flavida 13 18 2 4 0.0142 0.989 
Dome Control 78 Eunicea knightii 12 19 2 1 0.0036 0.993 
Dome Control 78 Muricea elongata 12 19 2 1 0.0036 0.996 
Dome Control 78 Plexaurella nutans 10 21 2 1 0.0036 1.000 
Dome Control 79 Eunicea flexuosa 39 1 2 46 0.1878 0.188 
Dome Control 79 Plexaura homomalla 39 1 2 36 0.1469 0.335 
Dome Control 79 Pseudoplexaura porosa 37 3 2 27 0.1102 0.445 
Dome Control 79 Antillogorgia americana 36 4 2 26 0.1061 0.551 
Dome Control 79 Gorgonian ventalina 33 5 2 18 0.0735 0.624 
Dome Control 79 Briareum asbestinum 32 6 2 17 0.0694 0.694 
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Dome Control 79 Eunicea calyculata 31 7 2 12 0.0490 0.743 
Dome Control 79 Antillogorgia bipinnata 29 8 2 12 0.0490 0.792 
Dome Control 79 Pseudoplexaura wagenaari 28 9 2 9 0.0367 0.829 
Dome Control 79 Eunicea laciniata 27 10 2 8 0.0327 0.861 
Dome Control 79 Pseudoplexaura flagellosa 27 10 2 7 0.0286 0.890 
Dome Control 79 Antillogorgia acerosa 25 12 2 6 0.0245 0.914 
Dome Control 79 Plexaurella fusifera 25 12 2 5 0.0204 0.935 
Dome Control 79 Eunicea tourneforti 24 14 2 4 0.0163 0.951 
Dome Control 79 Muricea atlantica 23 15 2 3 0.0122 0.963 
Dome Control 79 Plexaurella grisea 23 15 2 3 0.0122 0.976 
Dome Control 79 Eunicea sp 14 17 2 1 0.0041 0.980 
Dome Control 79 Muricea elongata 10 18 2 3 0.0122 0.992 
Dome Control 79 Eunicea fusca 8 19 2 1 0.0041 0.996 
Dome Control 79 Eunicea succinea 8 19 2 1 0.0041 1.000 
Dome Control 80 Eunicea flexuosa 38 1 2 44 0.1577 0.158 
Dome Control 80 Plexaura homomalla 38 1 2 39 0.1398 0.297 
Dome Control 80 Pseudoplexaura porosa 38 1 2 39 0.1398 0.437 
Dome Control 80 Antillogorgia americana 34 4 2 29 0.1039 0.541 
Dome Control 80 Gorgonian ventalina 33 5 2 23 0.0824 0.624 
Dome Control 80 Briareum asbestinum 30 6 2 15 0.0538 0.677 
Dome Control 80 Eunicea tourneforti 30 6 2 22 0.0789 0.756 
Dome Control 80 Antillogorgia acerosa 29 8 2 13 0.0466 0.803 
Dome Control 80 Pseudoplexaura flagellosa 26 9 2 9 0.0323 0.835 
Dome Control 80 Eunicea calyculata 24 10 2 7 0.0251 0.860 
Dome Control 80 Muricea atlantica 24 10 2 7 0.0251 0.885 
Dome Control 80 Pseudoplexaura wagenaari 24 10 2 7 0.0251 0.910 
Dome Control 80 Plexaurella fusifera 23 13 2 6 0.0215 0.932 
Dome Control 80 Eunicea laciniata 22 14 2 5 0.0179 0.950 
Dome Control 80 Eunicea succinea 21 15 2 4 0.0143 0.964 
Dome Control 80 Plexaurella grisea 21 15 2 4 0.0143 0.978 
Dome Control 80 Muricea elongata 19 17 2 2 0.0072 0.986 
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Dome Control 80 Eunicea knightii 12 18 2 2 0.0072 0.993 
Dome Control 80 Antillogorgia bipinnata 11 19 2 1 0.0036 0.996 
Dome Control 80 Muriceopsis flavida 8 20 2 1 0.0036 1.000 
Dome Control 81 Eunicea flexuosa 40 1 2 57 0.2073 0.207 
Dome Control 81 Plexaura homomalla 37 2 2 40 0.1455 0.353 
Dome Control 81 Antillogorgia americana 35 3 2 26 0.0945 0.447 
Dome Control 81 Pseudoplexaura porosa 34 4 2 23 0.0836 0.531 
Dome Control 81 Gorgonian ventalina 33 5 2 23 0.0836 0.615 
Dome Control 81 Eunicea tourneforti 32 6 2 20 0.0727 0.687 
Dome Control 81 Briareum asbestinum 29 7 2 16 0.0582 0.745 
Dome Control 81 Antillogorgia bipinnata 27 8 2 11 0.0400 0.785 
Dome Control 81 Eunicea calyculata 27 8 2 11 0.0400 0.825 
Dome Control 81 Antillogorgia acerosa 25 10 2 9 0.0327 0.858 
Dome Control 81 Pseudoplexaura wagenaari 23 11 2 7 0.0255 0.884 
Dome Control 81 Muricea elongata 21 12 2 5 0.0182 0.902 
Dome Control 81 Plexaurella fusifera 21 12 2 5 0.0182 0.920 
Dome Control 81 Eunicea laciniata 20 14 2 4 0.0145 0.935 
Dome Control 81 Muricea atlantica 20 14 2 4 0.0145 0.949 
Dome Control 81 Eunicea fusca 14 16 2 4 0.0145 0.964 
Dome Control 81 Eunicea knightii 11 17 2 5 0.0182 0.982 
Dome Control 81 Pseudoplexaura flagellosa 10 18 2 4 0.0145 0.996 
Dome Control 81 Eunicea succinea 7 19 2 1 0.0036 1.000 
Elkhorn 77 Gorgonian ventalina 59 1 3 46 0.2201 0.220 
Elkhorn 77 Eunicea flexuosa 55 2 3 28 0.1340 0.354 
Elkhorn 77 Antillogorgia americana 54 3 3 35 0.1675 0.522 
Elkhorn 77 Plexaura homomalla 48 4 3 13 0.0622 0.584 
Elkhorn 77 Muricea atlantica 46 5 3 9 0.0431 0.627 
Elkhorn 77 Pseudoplexaura porosa 45 6 3 7 0.0335 0.660 
Elkhorn 77 Pseudoplexaura flagellosa 42 7 3 3 0.0144 0.675 
Elkhorn 77 Eunicea succinea 36 8 3 12 0.0574 0.732 
Elkhorn 77 Eunicea tourneforti 34 9 3 17 0.0813 0.813 
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Elkhorn 77 Plexaurella fusifera 29 10 3 5 0.0239 0.837 
Elkhorn 77 Antillogorgia acerosa 27 11 3 3 0.0144 0.852 
Elkhorn 77 Eunicea laciniata 27 11 3 3 0.0144 0.866 
Elkhorn 77 Eunicea mammosa 20 13 3 19 0.0909 0.957 
Elkhorn 77 Antillogorgia kallos 16 14 3 6 0.0287 0.986 
Elkhorn 77 Eunicea calyculata 13 15 3 1 0.0048 0.990 
Elkhorn 77 Muriceopsis flavida 13 15 3 1 0.0048 0.995 
Elkhorn 77 Plexaurella dichotoma 13 15 3 1 0.0048 1.000 
Elkhorn 78 Gorgonian ventalina 57 1 3 45 0.1772 0.177 
Elkhorn 78 Antillogorgia americana 54 2 3 39 0.1535 0.331 
Elkhorn 78 Eunicea succinea 54 2 3 43 0.1693 0.500 
Elkhorn 78 Eunicea flexuosa 53 4 3 35 0.1378 0.638 
Elkhorn 78 Plexaura homomalla 47 5 3 19 0.0748 0.713 
Elkhorn 78 Eunicea tourneforti 46 6 3 18 0.0709 0.783 
Elkhorn 78 Pseudoplexaura crucis 40 7 3 8 0.0315 0.815 
Elkhorn 78 Muricea atlantica 25 8 3 6 0.0236 0.839 
Elkhorn 78 Pseudoplexaura flagellosa 25 8 3 2 0.0079 0.846 
Elkhorn 78 Plexaurella dichotoma 24 10 3 4 0.0157 0.862 
Elkhorn 78 Plexaurella fusifera 23 11 3 2 0.0079 0.870 
Elkhorn 78 Plexaurella grisea 23 11 3 2 0.0079 0.878 
Elkhorn 78 Antillogorgia kallos 17 13 3 12 0.0472 0.925 
Elkhorn 78 Pterogorgia citrina 15 14 3 7 0.0276 0.953 
Elkhorn 78 Antillogorgia bipinnata 13 15 3 4 0.0157 0.969 
Elkhorn 78 Muriceopsis flavida 13 15 3 4 0.0157 0.984 
Elkhorn 78 Pseudoplexaura porosa 13 15 3 4 0.0157 1.000 
Elkhorn 79 Antillogorgia americana 55 1 3 56 0.2424 0.242 
Elkhorn 79 Gorgonian ventalina 54 2 3 48 0.2078 0.450 
Elkhorn 79 Plexaura homomalla 53 3 3 14 0.0606 0.511 
Elkhorn 79 Eunicea succinea 52 4 3 29 0.1255 0.636 
Elkhorn 79 Eunicea flexuosa 50 5 3 24 0.1039 0.740 
Elkhorn 79 Eunicea tourneforti 47 6 3 15 0.0649 0.805 
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Elkhorn 79 Muricea atlantica 32 7 3 8 0.0346 0.840 
Elkhorn 79 Muriceopsis flavida 30 8 3 6 0.0260 0.866 
Elkhorn 79 Pseudoplexaura crucis 29 9 3 5 0.0216 0.887 
Elkhorn 79 Pseudoplexaura flagellosa 29 9 3 5 0.0216 0.909 
Elkhorn 79 Antillogorgia bipinnata 17 11 3 8 0.0346 0.944 
Elkhorn 79 Antillogorgia acerosa 14 12 3 5 0.0216 0.965 
Elkhorn 79 Plexaurella fusifera 13 13 3 4 0.0173 0.983 
Elkhorn 79 Pseudoplexaura wagenaari 11 14 3 2 0.0087 0.991 
Elkhorn 79 Eunicea calyculata 10 15 3 1 0.0043 0.996 
Elkhorn 79 Muricea elongata 10 15 3 1 0.0043 1.000 
Elkhorn 80 Antillogorgia americana 59 1 3 46 0.2289 0.229 
Elkhorn 80 Gorgonian ventalina 59 1 3 43 0.2139 0.443 
Elkhorn 80 Eunicea flexuosa 53 3 3 21 0.1045 0.547 
Elkhorn 80 Eunicea succinea 53 3 3 23 0.1144 0.662 
Elkhorn 80 Muricea atlantica 47 5 3 10 0.0498 0.711 
Elkhorn 80 Plexaura homomalla 47 5 3 10 0.0498 0.761 
Elkhorn 80 Eunicea tourneforti 31 7 3 10 0.0498 0.811 
Elkhorn 80 Plexaurella dichotoma 29 8 3 3 0.0149 0.826 
Elkhorn 80 Pseudoplexaura crucis 29 8 3 5 0.0249 0.851 
Elkhorn 80 Plexaurella fusifera 25 10 3 2 0.0100 0.861 
Elkhorn 80 Antillogorgia kallos 19 11 3 14 0.0697 0.930 
Elkhorn 80 Eunicea calyculata 15 12 3 1 0.0050 0.935 
Elkhorn 80 Muriceopsis flavida 15 12 3 4 0.0199 0.955 
Elkhorn 80 Antillogorgia bipinnata 14 14 3 3 0.0149 0.970 
Elkhorn 80 Pseudoplexaura wagenaari 13 15 3 2 0.0100 0.980 
Elkhorn 80 Eunicea fusca 12 16 3 1 0.0050 0.985 
Elkhorn 80 Eunicea laciniata 12 16 3 1 0.0050 0.990 
Elkhorn 80 Pseudoplexaura flagellosa 12 16 3 1 0.0050 0.995 
Elkhorn 80 Pterogorgia citrina 12 16 3 1 0.0050 1.000 
Elkhorn 81 Gorgonian ventalina 58 1 3 51 0.2257 0.226 
Elkhorn 81 Antillogorgia americana 57 2 3 48 0.2124 0.438 
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Elkhorn 81 Eunicea succinea 55 3 3 29 0.1283 0.566 
Elkhorn 81 Eunicea flexuosa 52 4 3 22 0.0973 0.664 
Elkhorn 81 Eunicea tourneforti 48 5 3 19 0.0841 0.748 
Elkhorn 81 Plexaura homomalla 46 6 3 14 0.0619 0.810 
Elkhorn 81 Pseudoplexaura crucis 32 7 3 5 0.0221 0.832 
Elkhorn 81 Muricea atlantica 27 8 3 5 0.0221 0.854 
Elkhorn 81 Pseudoplexaura flagellosa 26 9 3 4 0.0177 0.872 
Elkhorn 81 Eunicea calyculata 25 10 3 3 0.0133 0.885 
Elkhorn 81 Pseudoplexaura porosa 25 10 3 2 0.0088 0.894 
Elkhorn 81 Antillogorgia kallos 16 12 3 9 0.0398 0.934 
Elkhorn 81 Plexaurella fusifera 15 13 3 1 0.0044 0.938 
Elkhorn 81 Pterogorgia citrina 15 13 3 1 0.0044 0.942 
Elkhorn 81 Antillogorgia acerosa 13 15 3 5 0.0221 0.965 
Elkhorn 81 Muriceopsis flavida 13 15 3 5 0.0221 0.987 
Elkhorn 81 Briareum asbestinum 11 17 3 2 0.0088 0.996 
Elkhorn 81 Antillogorgia bipinnata 10 18 3 1 0.0044 1.000 
Elkhorn Control 77 Eunicea succinea 55 1 3 50 0.1701 0.170 
Elkhorn Control 77 Antillogorgia americana 54 2 3 39 0.1327 0.303 
Elkhorn Control 77 Gorgonian ventalina 54 2 3 49 0.1667 0.469 
Elkhorn Control 77 Plexaura homomalla 52 4 3 29 0.0986 0.568 
Elkhorn Control 77 Pseudoplexaura crucis 52 4 3 32 0.1088 0.677 
Elkhorn Control 77 Eunicea flexuosa 51 6 3 31 0.1054 0.782 
Elkhorn Control 77 Eunicea tourneforti 43 7 3 15 0.0510 0.833 
Elkhorn Control 77 Muricea atlantica 40 8 3 11 0.0374 0.871 
Elkhorn Control 77 Pseudoplexaura porosa 39 9 3 10 0.0340 0.905 
Elkhorn Control 77 Pterogorgia citrina 37 10 3 8 0.0272 0.932 
Elkhorn Control 77 Muriceopsis flavida 35 11 3 4 0.0136 0.946 
Elkhorn Control 77 Pseudoplexaura flagellosa 28 12 3 7 0.0238 0.969 
Elkhorn Control 77 Plexaurella dichotoma 24 13 3 3 0.0102 0.980 
Elkhorn Control 77 Plexaurella fusifera 22 14 3 3 0.0102 0.990 
Elkhorn Control 77 Briareum asbestinum 13 15 3 1 0.0034 0.993 
 209 
 
Elkhorn Control 77 Eunicea fusca 13 15 3 1 0.0034 0.997 
Elkhorn Control 77 Eunicea calyculata 10 17 3 1 0.0034 1.000 
Elkhorn Control 78 Eunicea flexuosa 56 1 3 44 0.1149 0.115 
Elkhorn Control 78 Antillogorgia americana 55 2 3 49 0.1279 0.243 
Elkhorn Control 78 Gorgonian ventalina 55 2 3 60 0.1567 0.399 
Elkhorn Control 78 Plexaura homomalla 53 4 3 35 0.0914 0.491 
Elkhorn Control 78 Pseudoplexaura crucis 53 4 3 46 0.1201 0.611 
Elkhorn Control 78 Eunicea succinea 51 6 3 33 0.0862 0.697 
Elkhorn Control 78 Eunicea tourneforti 50 7 3 28 0.0731 0.770 
Elkhorn Control 78 Muricea atlantica 44 8 3 16 0.0418 0.812 
Elkhorn Control 78 Pseudoplexaura porosa 44 8 3 18 0.0470 0.859 
Elkhorn Control 78 Pseudoplexaura flagellosa 43 10 3 16 0.0418 0.901 
Elkhorn Control 78 Pterogorgia citrina 42 11 3 12 0.0313 0.932 
Elkhorn Control 78 Plexaurella dichotoma 27 12 3 5 0.0131 0.945 
Elkhorn Control 78 Plexaurella fusifera 25 13 3 6 0.0157 0.961 
Elkhorn Control 78 Muriceopsis flavida 23 14 3 3 0.0078 0.969 
Elkhorn Control 78 Antillogorgia kallos 13 15 3 5 0.0131 0.982 
Elkhorn Control 78 Antillogorgia bipinnata 12 16 3 2 0.0052 0.987 
Elkhorn Control 78 Briareum asbestinum 12 16 3 2 0.0052 0.992 
Elkhorn Control 78 Antillogorgia acerosa 11 18 3 1 0.0026 0.995 
Elkhorn Control 78 Eunicea mammosa 11 18 3 1 0.0026 0.997 
Elkhorn Control 78 Plexaurella grisea 11 18 3 1 0.0026 1.000 
Elkhorn Control 79 Gorgonian ventalina 60 1 3 69 0.2170 0.217 
Elkhorn Control 79 Eunicea succinea 55 2 3 46 0.1447 0.362 
Elkhorn Control 79 Antillogorgia americana 54 3 3 39 0.1226 0.484 
Elkhorn Control 79 Eunicea flexuosa 52 4 3 32 0.1006 0.585 
Elkhorn Control 79 Plexaura homomalla 52 4 3 31 0.0975 0.682 
Elkhorn Control 79 Pseudoplexaura crucis 50 6 3 26 0.0818 0.764 
Elkhorn Control 79 Eunicea tourneforti 46 7 3 18 0.0566 0.821 
Elkhorn Control 79 Muricea atlantica 45 8 3 12 0.0377 0.858 
Elkhorn Control 79 Pseudoplexaura flagellosa 44 9 3 15 0.0472 0.906 
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Elkhorn Control 79 Pseudoplexaura wagenaari 42 10 3 8 0.0252 0.931 
Elkhorn Control 79 Pterogorgia citrina 29 11 3 5 0.0157 0.947 
Elkhorn Control 79 Plexaurella fusifera 28 12 3 4 0.0126 0.959 
Elkhorn Control 79 Plexaurella dichotoma 27 13 3 3 0.0094 0.969 
Elkhorn Control 79 Eunicea laciniata 26 14 3 2 0.0063 0.975 
Elkhorn Control 79 Muriceopsis flavida 24 15 3 2 0.0063 0.981 
Elkhorn Control 79 Pseudoplexaura porosa 24 15 3 2 0.0063 0.987 
Elkhorn Control 79 Muricea elongata 13 17 3 1 0.0031 0.991 
Elkhorn Control 79 Antillogorgia acerosa 11 18 3 1 0.0031 0.994 
Elkhorn Control 79 Briareum asbestinum 11 18 3 1 0.0031 0.997 
Elkhorn Control 79 Plexaurella grisea 11 18 3 1 0.0031 1.000 
Elkhorn Control 80 Antillogorgia americana 58 1 3 44 0.1732 0.173 
Elkhorn Control 80 Pseudoplexaura crucis 55 2 3 41 0.1614 0.335 
Elkhorn Control 80 Eunicea flexuosa 54 3 3 31 0.1220 0.457 
Elkhorn Control 80 Plexaura homomalla 53 4 3 27 0.1063 0.563 
Elkhorn Control 80 Eunicea succinea 52 5 3 29 0.1142 0.677 
Elkhorn Control 80 Eunicea tourneforti 49 6 3 22 0.0866 0.764 
Elkhorn Control 80 Gorgonian ventalina 49 6 3 26 0.1024 0.866 
Elkhorn Control 80 Muricea atlantica 48 8 3 16 0.0630 0.929 
Elkhorn Control 80 Pterogorgia citrina 28 9 3 4 0.0157 0.945 
Elkhorn Control 80 Pseudoplexaura flagellosa 27 10 3 3 0.0118 0.957 
Elkhorn Control 80 Plexaurella dichotoma 25 11 3 2 0.0079 0.965 
Elkhorn Control 80 Eunicea laciniata 13 12 3 2 0.0079 0.972 
Elkhorn Control 80 Plexaurella fusifera 13 12 3 2 0.0079 0.980 
Elkhorn Control 80 Antillogorgia acerosa 12 14 3 1 0.0039 0.984 
Elkhorn Control 80 Briareum asbestinum 12 14 3 1 0.0039 0.988 
Elkhorn Control 80 Eunicea fusca 12 14 3 1 0.0039 0.992 
Elkhorn Control 80 Muriceopsis flavida 12 14 3 1 0.0039 0.996 
Elkhorn Control 81 Antillogorgia americana 54 1 3 43 0.1569 0.157 
Elkhorn Control 81 Eunicea flexuosa 54 1 3 45 0.1642 0.321 
Elkhorn Control 81 Gorgonian ventalina 54 1 3 47 0.1715 0.493 
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Elkhorn Control 81 Pseudoplexaura crucis 51 4 3 36 0.1314 0.624 
Elkhorn Control 81 Eunicea succinea 49 5 3 27 0.0985 0.723 
Elkhorn Control 81 Plexaura homomalla 48 6 3 26 0.0949 0.818 
Elkhorn Control 81 Eunicea tourneforti 46 7 3 22 0.0803 0.898 
Elkhorn Control 81 Muricea atlantica 43 8 3 14 0.0511 0.949 
Elkhorn Control 81 Plexaurella fusifera 27 9 3 4 0.0146 0.964 
Elkhorn Control 81 Pseudoplexaura flagellosa 26 10 3 5 0.0182 0.982 
Elkhorn Control 81 Pterogorgia citrina 25 11 3 3 0.0109 0.993 
Elkhorn Control 81 Antillogorgia acerosa 12 12 3 1 0.0036 0.996 
Elkhorn Control 81 Muriceopsis flavida 12 12 3 1 0.0036 1.000 
Schooner 77 Eunicea succinea 20 1 1 40 0.2649 0.265 
Schooner 77 Plexaura homomalla 19 2 1 18 0.1192 0.384 
Schooner 77 Gorgonian ventalina 18 3 1 15 0.0993 0.483 
Schooner 77 Eunicea flexuosa 17 4 1 14 0.0927 0.576 
Schooner 77 Antillogorgia americana 16 5 1 11 0.0728 0.649 
Schooner 77 Eunicea tourneforti 15 6 1 10 0.0662 0.715 
Schooner 77 Muriceopsis flavida 14 7 1 9 0.0596 0.775 
Schooner 77 Muricea muricata 13 8 1 7 0.0464 0.821 
Schooner 77 Briareum asbestinum 12 9 1 6 0.0397 0.861 
Schooner 77 Plexaurella fusifera 12 9 1 6 0.0397 0.901 
Schooner 77 Pseudoplexaura porosa 11 11 1 5 0.0331 0.934 
Schooner 77 Plexaurella dichotoma 10 12 1 2 0.0132 0.947 
Schooner 77 Pseudoplexaura flagellosa 10 12 1 2 0.0132 0.960 
Schooner 77 Eunicea calyculata 9 14 1 1 0.0066 0.967 
Schooner 77 Eunicea laciniata 9 14 1 1 0.0066 0.974 
Schooner 77 Muricea elongata 9 14 1 1 0.0066 0.980 
Schooner 77 Plexaurella grisea 9 14 1 1 0.0066 0.987 
Schooner 77 Pseudoplexaura crucis 9 14 1 1 0.0066 0.993 
Schooner 77 Pseudoplexaura wagenaari 9 14 1 1 0.0066 1.000 
Schooner 78 Plexaura homomalla 39 1 2 64 0.1612 0.161 
Schooner 78 Antillogorgia americana 36 2 2 45 0.1134 0.275 
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Schooner 78 Eunicea flexuosa 36 2 2 42 0.1058 0.380 
Schooner 78 Eunicea succinea 35 4 2 50 0.1259 0.506 
Schooner 78 Gorgonian ventalina 34 5 2 40 0.1008 0.607 
Schooner 78 Eunicea tourneforti 31 6 2 34 0.0856 0.693 
Schooner 78 Briareum asbestinum 30 7 2 30 0.0756 0.768 
Schooner 78 Muricea atlantica 25 8 2 19 0.0479 0.816 
Schooner 78 Muriceopsis flavida 25 8 2 21 0.0529 0.869 
Schooner 78 Plexaurella fusifera 25 8 2 13 0.0327 0.902 
Schooner 78 Pseudoplexaura flagellosa 25 8 2 16 0.0403 0.942 
Schooner 78 Pseudoplexaura porosa 20 12 2 5 0.0126 0.955 
Schooner 78 Muricea elongata 19 13 2 4 0.0101 0.965 
Schooner 78 Pseudoplexaura crucis 19 13 2 4 0.0101 0.975 
Schooner 78 Pseudoplexaura wagenaari 19 13 2 4 0.0101 0.985 
Schooner 78 Eunicea laciniata 17 16 2 2 0.0050 0.990 
Schooner 78 Plexaurella grisea 8 17 2 2 0.0050 0.995 
Schooner 78 Eunicea calyculata 7 18 2 1 0.0025 0.997 
Schooner 78 Plexaurella dichotoma 7 18 2 1 0.0025 1.000 
Schooner 79 Eunicea flexuosa 38 1 2 44 0.1571 0.157 
Schooner 79 Plexaura homomalla 38 1 2 41 0.1464 0.304 
Schooner 79 Gorgonian ventalina 36 3 2 26 0.0929 0.396 
Schooner 79 Antillogorgia americana 34 4 2 22 0.0786 0.475 
Schooner 79 Eunicea succinea 33 5 2 32 0.1143 0.589 
Schooner 79 Eunicea tourneforti 32 6 2 17 0.0607 0.650 
Schooner 79 Briareum asbestinum 31 7 2 17 0.0607 0.711 
Schooner 79 Muricea atlantica 31 7 2 15 0.0536 0.764 
Schooner 79 Pseudoplexaura wagenaari 30 9 2 12 0.0429 0.807 
Schooner 79 Pseudoplexaura flagellosa 29 10 2 13 0.0464 0.854 
Schooner 79 Muriceopsis flavida 28 11 2 11 0.0393 0.893 
Schooner 79 Plexaurella fusifera 26 12 2 6 0.0214 0.914 
Schooner 79 Plexaurella grisea 26 12 2 6 0.0214 0.936 
Schooner 79 Pseudoplexaura crucis 26 12 2 6 0.0214 0.957 
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Schooner 79 Eunicea calyculata 23 15 2 2 0.0071 0.964 
Schooner 79 Eunicea fusca 13 16 2 2 0.0071 0.971 
Schooner 79 Antillogorgia acerosa 12 17 2 2 0.0071 0.979 
Schooner 79 Eunicea laciniata 12 17 2 2 0.0071 0.986 
Schooner 79 Eunicea mammosa 12 17 2 1 0.0036 0.989 
Schooner 79 Eunicea sp 12 17 2 1 0.0036 0.993 
Schooner 79 Muricea elongata 12 17 2 1 0.0036 0.996 
Schooner 79 Plexaurella dichotoma 12 17 2 1 0.0036 1.000 
Schooner 80 Eunicea succinea 38 1 2 72 0.2323 0.232 
Schooner 80 Eunicea flexuosa 37 2 2 28 0.0903 0.323 
Schooner 80 Plexaura homomalla 36 3 2 42 0.1355 0.458 
Schooner 80 Antillogorgia americana 35 4 2 24 0.0774 0.535 
Schooner 80 Gorgonian ventalina 35 4 2 23 0.0742 0.610 
Schooner 80 Eunicea tourneforti 34 6 2 22 0.0710 0.681 
Schooner 80 Briareum asbestinum 31 7 2 19 0.0613 0.742 
Schooner 80 Muricea atlantica 27 8 2 14 0.0452 0.787 
Schooner 80 Muriceopsis flavida 27 8 2 14 0.0452 0.832 
Schooner 80 Pseudoplexaura crucis 27 8 2 14 0.0452 0.877 
Schooner 80 Plexaurella fusifera 25 11 2 7 0.0226 0.900 
Schooner 80 Pseudoplexaura flagellosa 25 11 2 12 0.0387 0.939 
Schooner 80 Pseudoplexaura wagenaari 25 11 2 6 0.0194 0.958 
Schooner 80 Eunicea laciniata 23 14 2 4 0.0129 0.971 
Schooner 80 Antillogorgia acerosa 15 15 2 3 0.0097 0.981 
Schooner 80 Eunicea calyculata 13 16 2 1 0.0032 0.984 
Schooner 80 Plexaurella grisea 10 17 2 3 0.0097 0.994 
Schooner 80 Antillogorgia kallos 8 18 2 1 0.0032 0.997 
Schooner 80 Eunicea fusca 8 18 2 1 0.0032 1.000 
Schooner 81 Eunicea succinea 39 1 2 35 0.1429 0.143 
Schooner 81 Plexaura homomalla 39 1 2 39 0.1592 0.302 
Schooner 81 Eunicea flexuosa 38 3 2 31 0.1265 0.429 
Schooner 81 Antillogorgia americana 35 4 2 23 0.0939 0.522 
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Schooner 81 Gorgonian ventalina 34 5 2 18 0.0735 0.596 
Schooner 81 Pseudoplexaura crucis 34 5 2 22 0.0898 0.686 
Schooner 81 Eunicea tourneforti 33 7 2 16 0.0653 0.751 
Schooner 81 Pseudoplexaura flagellosa 31 8 2 14 0.0571 0.808 
Schooner 81 Muriceopsis flavida 30 9 2 12 0.0490 0.857 
Schooner 81 Muricea atlantica 29 10 2 11 0.0449 0.902 
Schooner 81 Plexaurella fusifera 28 11 2 9 0.0367 0.939 
Schooner 81 Briareum asbestinum 27 12 2 6 0.0245 0.963 
Schooner 81 Plexaurella dichotoma 24 13 2 2 0.0082 0.971 
Schooner 81 Antillogorgia acerosa 14 14 2 1 0.0041 0.976 
Schooner 81 Pseudoplexaura wagenaari 14 14 2 1 0.0041 0.980 
Schooner 81 Eunicea calyculata 10 16 2 1 0.0041 0.984 
Schooner 81 Eunicea laciniata 10 16 2 1 0.0041 0.988 
Schooner 81 Muricea elongata 10 16 2 1 0.0041 0.992 
Schooner 81 Plexaurella grisea 10 16 2 1 0.0041 0.996 
Schooner 81 Plexaurella nutans 10 16 2 1 0.0041 1.000 
Schooner Control 77 Eunicea succinea 20 1 1 37 0.2067 0.207 
Schooner Control 77 Plexaura homomalla 19 2 1 18 0.1006 0.307 
Schooner Control 77 Muriceopsis flavida 18 3 1 16 0.0894 0.397 
Schooner Control 77 Muricea atlantica 17 4 1 14 0.0782 0.475 
Schooner Control 77 Eunicea flexuosa 16 5 1 13 0.0726 0.547 
Schooner Control 77 Pseudoplexaura porosa 15 6 1 12 0.0670 0.615 
Schooner Control 77 Plexaurella fusifera 14 7 1 11 0.0615 0.676 
Schooner Control 77 Gorgonian ventalina 13 8 1 10 0.0559 0.732 
Schooner Control 77 Briareum asbestinum 12 9 1 9 0.0503 0.782 
Schooner Control 77 Antillogorgia americana 11 10 1 8 0.0447 0.827 
Schooner Control 77 Eunicea tourneforti 10 11 1 7 0.0391 0.866 
Schooner Control 77 Pseudoplexaura flagellosa 9 12 1 6 0.0335 0.899 
Schooner Control 77 Plexaurella grisea 8 13 1 4 0.0223 0.922 
Schooner Control 77 Eunicea calyculata 7 14 1 3 0.0168 0.939 
Schooner Control 77 Eunicea laciniata 7 14 1 3 0.0168 0.955 
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Schooner Control 77 Eunicea fusca 6 16 1 2 0.0112 0.966 
Schooner Control 77 Eunicea sp 6 16 1 2 0.0112 0.978 
Schooner Control 77 Antillogorgia acerosa 5 18 1 1 0.0056 0.983 
Schooner Control 77 Eunicea mammosa 5 18 1 1 0.0056 0.989 
Schooner Control 77 Plexaurella dichotoma 5 18 1 1 0.0056 0.994 
Schooner Control 77 Plexaurella nutans 5 18 1 1 0.0056 1.000 
Schooner Control 78 Eunicea succinea 40 1 1 87 0.1599 0.160 
Schooner Control 78 Briareum asbestinum 36 2 1 50 0.0919 0.252 
Schooner Control 78 Plexaura homomalla 36 2 1 51 0.0938 0.346 
Schooner Control 78 Plexaurella fusifera 35 4 1 48 0.0882 0.434 
Schooner Control 78 Eunicea flexuosa 33 5 1 49 0.0901 0.524 
Schooner Control 78 Antillogorgia americana 32 6 1 45 0.0827 0.607 
Schooner Control 78 Muriceopsis flavida 27 7 1 30 0.0551 0.662 
Schooner Control 78 Eunicea tourneforti 26 8 1 28 0.0515 0.713 
Schooner Control 78 Gorgonian ventalina 26 8 1 29 0.0533 0.767 
Schooner Control 78 Eunicea laciniata 24 10 1 23 0.0423 0.809 
Schooner Control 78 Muricea atlantica 23 11 1 21 0.0386 0.847 
Schooner Control 78 Pseudoplexaura wagenaari 23 11 1 21 0.0386 0.886 
Schooner Control 78 Plexaurella grisea 18 13 1 14 0.0257 0.912 
Schooner Control 78 Eunicea calyculata 16 14 1 9 0.0165 0.928 
Schooner Control 78 Pseudoplexaura flagellosa 16 14 1 11 0.0202 0.949 
Schooner Control 78 Muricea elongata 15 16 1 8 0.0147 0.963 
Schooner Control 78 Pseudoplexaura crucis 15 16 1 8 0.0147 0.978 
Schooner Control 78 Pseudoplexaura porosa 8 18 1 3 0.0055 0.983 
Schooner Control 78 Plexaurella nutans 7 19 1 1 0.0018 0.985 
Schooner Control 78 Plexaurella dichotoma 6 20 1 4 0.0074 0.993 
Schooner Control 78 Antillogorgia acerosa 5 21 1 2 0.0037 0.996 
Schooner Control 78 Antillogorgia kallos 5 21 1 2 0.0037 1.000 
Schooner Control 79 Eunicea succinea 39 1 1 62 0.1787 0.179 
Schooner Control 79 Eunicea flexuosa 35 2 1 40 0.1153 0.294 
Schooner Control 79 Antillogorgia americana 29 3 1 31 0.0893 0.383 
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Schooner Control 79 Muriceopsis flavida 27 4 1 27 0.0778 0.461 
Schooner Control 79 Plexaura homomalla 27 4 1 27 0.0778 0.539 
Schooner Control 79 Briareum asbestinum 22 6 1 22 0.0634 0.602 
Schooner Control 79 Gorgonian ventalina 22 6 1 20 0.0576 0.660 
Schooner Control 79 Plexaurella fusifera 22 6 1 20 0.0576 0.718 
Schooner Control 79 Eunicea tourneforti 19 9 1 17 0.0490 0.767 
Schooner Control 79 Pseudoplexaura wagenaari 17 10 1 15 0.0432 0.810 
Schooner Control 79 Eunicea calyculata 10 11 1 8 0.0231 0.833 
Schooner Control 79 Plexaurella grisea 10 11 1 8 0.0231 0.856 
Schooner Control 79 Eunicea laciniata 9 13 1 7 0.0202 0.876 
Schooner Control 79 Muricea atlantica 9 13 1 15 0.0432 0.919 
Schooner Control 79 Muricea elongata 9 13 1 7 0.0202 0.939 
Schooner Control 79 Pseudoplexaura flagellosa 8 16 1 6 0.0173 0.957 
Schooner Control 79 Eunicea fusca 6 17 1 4 0.0115 0.968 
Schooner Control 79 Antillogorgia acerosa 4 18 1 3 0.0086 0.977 
Schooner Control 79 Pseudoplexaura crucis 4 18 1 3 0.0086 0.986 
Schooner Control 79 Pseudoplexaura porosa 4 18 1 3 0.0086 0.994 
Schooner Control 79 Plexaurella dichotoma 2 21 1 1 0.0029 0.997 
Schooner Control 79 Plexaurella nutans 2 21 1 1 0.0029 1.000 
Schooner Control 80 Eunicea succinea 40 1 1 50 0.1650 0.165 
Schooner Control 80 Plexaura homomalla 36 2 1 30 0.0990 0.264 
Schooner Control 80 Plexaurella fusifera 35 3 1 30 0.0990 0.363 
Schooner Control 80 Antillogorgia americana 34 4 1 29 0.0957 0.459 
Schooner Control 80 Eunicea flexuosa 34 4 1 26 0.0858 0.545 
Schooner Control 80 Eunicea tourneforti 31 6 1 21 0.0693 0.614 
Schooner Control 80 Briareum asbestinum 27 7 1 17 0.0561 0.670 
Schooner Control 80 Gorgonian ventalina 27 7 1 17 0.0561 0.726 
Schooner Control 80 Muriceopsis flavida 27 7 1 17 0.0561 0.782 
Schooner Control 80 Muricea atlantica 23 10 1 13 0.0429 0.825 
Schooner Control 80 Pseudoplexaura wagenaari 22 11 1 12 0.0396 0.865 
Schooner Control 80 Eunicea calyculata 20 12 1 9 0.0297 0.894 
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Schooner Control 80 Pseudoplexaura crucis 19 13 1 8 0.0264 0.921 
Schooner Control 80 Pseudoplexaura flagellosa 19 13 1 8 0.0264 0.947 
Schooner Control 80 Muricea elongata 18 15 1 6 0.0198 0.967 
Schooner Control 80 Eunicea laciniata 16 16 1 4 0.0132 0.980 
Schooner Control 80 Antillogorgia acerosa 8 17 1 1 0.0033 0.983 
Schooner Control 80 Pseudoplexaura porosa 8 17 1 1 0.0033 0.987 
Schooner Control 80 Eunicea fusca 7 19 1 2 0.0066 0.993 
Schooner Control 80 Plexaurella grisea 6 20 1 1 0.0033 0.997 
Schooner Control 80 Plexaurella nutans 6 20 1 1 0.0033 1.000 
Schooner Control 81 Eunicea succinea 39 1 1 54 0.1862 0.186 
Schooner Control 81 Plexaura homomalla 36 2 1 26 0.0897 0.276 
Schooner Control 81 Antillogorgia americana 35 3 1 28 0.0966 0.372 
Schooner Control 81 Briareum asbestinum 33 4 1 27 0.0931 0.466 
Schooner Control 81 Eunicea tourneforti 33 4 1 23 0.0793 0.545 
Schooner Control 81 Plexaurella fusifera 33 4 1 23 0.0793 0.624 
Schooner Control 81 Eunicea flexuosa 30 7 1 19 0.0655 0.690 
Schooner Control 81 Gorgonian ventalina 30 7 1 19 0.0655 0.755 
Schooner Control 81 Muriceopsis flavida 27 9 1 16 0.0552 0.810 
Schooner Control 81 Muricea atlantica 26 10 1 11 0.0379 0.848 
Schooner Control 81 Pseudoplexaura flagellosa 25 11 1 10 0.0345 0.883 
Schooner Control 81 Eunicea calyculata 24 12 1 8 0.0276 0.910 
Schooner Control 81 Pseudoplexaura wagenaari 24 12 1 8 0.0276 0.938 
Schooner Control 81 Muricea elongata 22 14 1 6 0.0207 0.959 
Schooner Control 81 Plexaurella grisea 20 15 1 4 0.0138 0.972 
Schooner Control 81 Eunicea laciniata 19 16 1 3 0.0103 0.983 
Schooner Control 81 Antillogorgia acerosa 18 17 1 2 0.0069 0.990 
Schooner Control 81 Pseudoplexaura porosa 10 18 1 2 0.0069 0.997 
Schooner Control 81 Eunicea fusca 9 19 1 1 0.0034 1.000 
Star 77 Plexaura homomalla 39 1 2 26 0.1806 0.181 
Star 77 Eunicea flexuosa 38 2 2 25 0.1736 0.354 
Star 77 Gorgonian ventalina 36 3 2 17 0.1181 0.472 
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Star 77 Muriceopsis flavida 34 4 2 12 0.0833 0.556 
Star 77 Antillogorgia acerosa 33 5 2 8 0.0556 0.611 
Star 77 Antillogorgia americana 30 6 2 5 0.0347 0.646 
Star 77 Antillogorgia kallos 29 7 2 4 0.0278 0.674 
Star 77 Plexaurella fusifera 29 7 2 4 0.0278 0.701 
Star 77 Pseudoplexaura wagenaari 29 7 2 4 0.0278 0.729 
Star 77 Eunicea fusca 28 10 2 3 0.0208 0.750 
Star 77 Eunicea succinea 28 10 2 3 0.0208 0.771 
Star 77 Briareum asbestinum 20 12 2 12 0.0833 0.854 
Star 77 Eunicea laciniata 17 13 2 6 0.0417 0.896 
Star 77 Pseudoplexaura flagellosa 16 14 2 4 0.0278 0.924 
Star 77 Eunicea tourneforti 15 15 2 2 0.0139 0.938 
Star 77 Pseudoplexaura porosa 15 15 2 2 0.0139 0.951 
Star 77 Antillogorgia bipinnata 14 17 2 1 0.0069 0.958 
Star 77 Eunicea sp 14 17 2 1 0.0069 0.965 
Star 77 Muricea atlantica 14 17 2 2 0.0139 0.979 
Star 77 Plexaurella grisea 14 17 2 1 0.0069 0.986 
Star 77 Pseudoplexaura crucis 14 17 2 1 0.0069 0.993 
Star 77 Plexaurella dichotoma 13 22 2 1 0.0069 1.000 
Star 78 Eunicea flexuosa 38 1 2 39 0.1327 0.133 
Star 78 Briareum asbestinum 36 2 2 45 0.1531 0.286 
Star 78 Gorgonian ventalina 35 3 2 42 0.1429 0.429 
Star 78 Plexaura homomalla 34 4 2 30 0.1020 0.531 
Star 78 Antillogorgia kallos 33 5 2 27 0.0918 0.622 
Star 78 Muriceopsis flavida 31 6 2 22 0.0748 0.697 
Star 78 Eunicea tourneforti 30 7 2 20 0.0680 0.765 
Star 78 Antillogorgia americana 28 8 2 18 0.0612 0.827 
Star 78 Eunicea succinea 28 8 2 14 0.0476 0.874 
Star 78 Pseudoplexaura wagenaari 24 10 2 8 0.0272 0.901 
Star 78 Pseudoplexaura flagellosa 23 11 2 5 0.0170 0.918 
Star 78 Plexaurella fusifera 22 12 2 4 0.0136 0.932 
 219 
 
Star 78 Pseudoplexaura porosa 22 12 2 4 0.0136 0.946 
Star 78 Antillogorgia acerosa 21 14 2 3 0.0102 0.956 
Star 78 Plexaurella grisea 21 14 2 3 0.0102 0.966 
Star 78 Muricea atlantica 12 16 2 4 0.0136 0.980 
Star 78 Eunicea laciniata 11 17 2 1 0.0034 0.983 
Star 78 Muricea elongata 11 17 2 1 0.0034 0.986 
Star 78 Pseudoplexaura crucis 11 17 2 1 0.0034 0.990 
Star 78 Eunicea calyculata 10 20 2 2 0.0068 0.997 
Star 78 Plexaurella dichotoma 9 21 2 1 0.0034 1.000 
Star 79 Plexaura homomalla 37 1 2 30 0.1261 0.126 
Star 79 Eunicea flexuosa 35 2 2 30 0.1261 0.252 
Star 79 Muriceopsis flavida 35 2 2 24 0.1008 0.353 
Star 79 Gorgonian ventalina 34 4 2 44 0.1849 0.538 
Star 79 Briareum asbestinum 33 5 2 27 0.1134 0.651 
Star 79 Antillogorgia kallos 32 6 2 20 0.0840 0.735 
Star 79 Antillogorgia americana 29 7 2 13 0.0546 0.790 
Star 79 Eunicea tourneforti 26 8 2 9 0.0378 0.828 
Star 79 Eunicea succinea 25 9 2 11 0.0462 0.874 
Star 79 Pseudoplexaura porosa 24 10 2 5 0.0210 0.895 
Star 79 Plexaurella fusifera 23 11 2 4 0.0168 0.912 
Star 79 Pseudoplexaura flagellosa 23 11 2 4 0.0168 0.929 
Star 79 Antillogorgia acerosa 21 13 2 2 0.0084 0.937 
Star 79 Plexaurella nutans 21 13 2 2 0.0084 0.945 
Star 79 Muricea atlantica 14 15 2 5 0.0210 0.966 
Star 79 Eunicea calyculata 12 16 2 3 0.0126 0.979 
Star 79 Pseudoplexaura wagenaari 12 16 2 3 0.0126 0.992 
Star 79 Antillogorgia bipinnata 11 18 2 1 0.0042 0.996 
Star 79 Plexaurella grisea 11 18 2 1 0.0042 1.000 
Star 80 Eunicea flexuosa 38 1 2 40 0.1667 0.167 
Star 80 Gorgonian ventalina 35 2 2 32 0.1333 0.300 
Star 80 Plexaura homomalla 35 2 2 27 0.1125 0.413 
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Star 80 Antillogorgia kallos 34 4 2 23 0.0958 0.508 
Star 80 Briareum asbestinum 34 4 2 26 0.1083 0.617 
Star 80 Muriceopsis flavida 34 4 2 23 0.0958 0.713 
Star 80 Antillogorgia americana 30 7 2 17 0.0708 0.783 
Star 80 Eunicea succinea 28 8 2 11 0.0458 0.829 
Star 80 Eunicea tourneforti 27 9 2 9 0.0375 0.867 
Star 80 Plexaurella fusifera 27 9 2 9 0.0375 0.904 
Star 80 Pseudoplexaura wagenaari 26 11 2 6 0.0250 0.929 
Star 80 Pseudoplexaura flagellosa 23 12 2 3 0.0125 0.942 
Star 80 Antillogorgia acerosa 13 13 2 3 0.0125 0.954 
Star 80 Pseudoplexaura crucis 13 13 2 3 0.0125 0.967 
Star 80 Eunicea calyculata 12 15 2 2 0.0083 0.975 
Star 80 Plexaurella grisea 12 15 2 2 0.0083 0.983 
Star 80 Pseudoplexaura porosa 12 15 2 2 0.0083 0.992 
Star 80 Muricea atlantica 11 18 2 1 0.0042 0.996 
Star 80 Muricea elongata 11 18 2 1 0.0042 1.000 
Star 81 Plexaura homomalla 38 1 2 38 0.1557 0.156 
Star 81 Briareum asbestinum 35 2 2 47 0.1926 0.348 
Star 81 Eunicea flexuosa 34 3 2 22 0.0902 0.439 
Star 81 Eunicea succinea 34 3 2 20 0.0820 0.520 
Star 81 Gorgonian ventalina 34 3 2 38 0.1557 0.676 
Star 81 Muriceopsis flavida 34 3 2 20 0.0820 0.758 
Star 81 Antillogorgia kallos 29 7 2 10 0.0410 0.799 
Star 81 Antillogorgia americana 27 8 2 9 0.0369 0.836 
Star 81 Antillogorgia acerosa 26 9 2 5 0.0205 0.857 
Star 81 Plexaurella fusifera 26 9 2 6 0.0246 0.881 
Star 81 Pseudoplexaura flagellosa 26 9 2 6 0.0246 0.906 
Star 81 Pseudoplexaura crucis 25 12 2 5 0.0205 0.926 
Star 81 Eunicea tourneforti 15 13 2 6 0.0246 0.951 
Star 81 Muricea atlantica 14 14 2 3 0.0123 0.963 
Star 81 Plexaurella grisea 14 14 2 5 0.0205 0.984 
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Star 81 Eunicea calyculata 11 16 2 2 0.0082 0.992 
Star 81 Pseudoplexaura porosa 11 16 2 2 0.0082 1.000 
Star Control 77 Eunicea flexuosa 37 1 2 26 0.1250 0.125 
Star Control 77 Gorgonian ventalina 37 1 2 30 0.1442 0.269 
Star Control 77 Plexaura homomalla 37 1 2 28 0.1346 0.404 
Star Control 77 Antillogorgia acerosa 36 4 2 54 0.2596 0.663 
Star Control 77 Eunicea tourneforti 33 5 2 14 0.0673 0.731 
Star Control 77 Antillogorgia americana 32 6 2 13 0.0625 0.793 
Star Control 77 Pseudoplexaura porosa 32 6 2 13 0.0625 0.856 
Star Control 77 Muriceopsis flavida 26 8 2 2 0.0096 0.865 
Star Control 77 Plexaurella grisea 16 9 2 3 0.0144 0.880 
Star Control 77 Muricea atlantica 15 10 2 4 0.0192 0.899 
Star Control 77 Plexaurella nutans 15 10 2 2 0.0096 0.909 
Star Control 77 Pseudoplexaura crucis 15 10 2 4 0.0192 0.928 
Star Control 77 Pseudoplexaura flagellosa 15 10 2 4 0.0192 0.947 
Star Control 77 Eunicea laciniata 14 14 2 3 0.0144 0.962 
Star Control 77 Muricea elongata 14 14 2 1 0.0048 0.966 
Star Control 77 Plexaurella fusifera 14 14 2 3 0.0144 0.981 
Star Control 77 Pseudoplexaura wagenaari 14 14 2 1 0.0048 0.986 
Star Control 77 Eunicea calyculata 13 18 2 2 0.0096 0.995 
Star Control 77 Plexaurella dichotoma 12 19 2 1 0.0048 1.000 
Star Control 78 Eunicea flexuosa 35 1 2 38 0.0957 0.096 
Star Control 78 Eunicea succinea 35 1 2 40 0.1008 0.196 
Star Control 78 Plexaura homomalla 35 1 2 40 0.1008 0.297 
Star Control 78 Gorgonian ventalina 34 4 2 41 0.1033 0.401 
Star Control 78 Briareum asbestinum 33 5 2 51 0.1285 0.529 
Star Control 78 Antillogorgia acerosa 28 6 2 41 0.1033 0.632 
Star Control 78 Antillogorgia americana 28 6 2 24 0.0605 0.693 
Star Control 78 Eunicea laciniata 26 8 2 15 0.0378 0.730 
Star Control 78 Muriceopsis flavida 26 8 2 20 0.0504 0.781 
Star Control 78 Muricea atlantica 24 10 2 13 0.0327 0.814 
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Star Control 78 Eunicea tourneforti 23 11 2 12 0.0302 0.844 
Star Control 78 Plexaurella fusifera 22 12 2 9 0.0227 0.866 
Star Control 78 Pseudoplexaura flagellosa 21 13 2 9 0.0227 0.889 
Star Control 78 Pseudoplexaura wagenaari 20 14 2 7 0.0176 0.907 
Star Control 78 Muricea elongata 16 15 2 3 0.0076 0.914 
Star Control 78 Plexaurella grisea 15 16 2 2 0.0050 0.919 
Star Control 78 Pseudoplexaura crucis 14 17 2 17 0.0428 0.962 
Star Control 78 Antillogorgia bipinnata 13 18 2 3 0.0076 0.970 
Star Control 78 Plexaurella nutans 13 18 2 3 0.0076 0.977 
Star Control 78 Eunicea calyculata 12 20 2 2 0.0050 0.982 
Star Control 78 Eunicea fusca 11 21 2 1 0.0025 0.985 
Star Control 78 Antillogorgia kallos 6 22 2 3 0.0076 0.992 
Star Control 78 Pseudoplexaura porosa 6 22 2 3 0.0076 1.000 
Star Control 79 Plexaura homomalla 36 1 2 28 0.1261 0.126 
Star Control 79 Gorgonian ventalina 35 2 2 27 0.1216 0.248 
Star Control 79 Briareum asbestinum 33 3 2 29 0.1306 0.378 
Star Control 79 Eunicea flexuosa 32 4 2 18 0.0811 0.459 
Star Control 79 Eunicea succinea 32 4 2 18 0.0811 0.541 
Star Control 79 Antillogorgia acerosa 30 6 2 21 0.0946 0.635 
Star Control 79 Eunicea tourneforti 30 6 2 15 0.0676 0.703 
Star Control 79 Plexaurella fusifera 24 8 2 5 0.0225 0.725 
Star Control 79 Pseudoplexaura wagenaari 24 8 2 5 0.0225 0.748 
Star Control 79 Antillogorgia kallos 23 10 2 4 0.0180 0.766 
Star Control 79 Eunicea laciniata 21 11 2 2 0.0090 0.775 
Star Control 79 Antillogorgia americana 18 12 2 21 0.0946 0.869 
Star Control 79 Pseudoplexaura crucis 16 13 2 13 0.0586 0.928 
Star Control 79 Plexaurella nutans 14 14 2 2 0.0090 0.937 
Star Control 79 Antillogorgia bipinnata 13 15 2 1 0.0045 0.941 
Star Control 79 Plexaurella grisea 13 15 2 1 0.0045 0.946 
Star Control 79 Pseudoplexaura flagellosa 12 17 2 5 0.0225 0.968 
Star Control 79 Muricea atlantica 10 18 2 3 0.0135 0.982 
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Star Control 79 Muriceopsis flavida 9 19 2 2 0.0090 0.991 
Star Control 79 Muricea elongata 8 20 2 1 0.0045 0.995 
Star Control 79 Pseudoplexaura porosa 8 20 2 1 0.0045 1.000 
Star Control 80 Gorgonian ventalina 34 1 2 28 0.1073 0.107 
Star Control 80 Plexaura homomalla 34 1 2 29 0.1111 0.218 
Star Control 80 Eunicea flexuosa 33 3 2 26 0.0996 0.318 
Star Control 80 Eunicea succinea 33 3 2 26 0.0996 0.418 
Star Control 80 Antillogorgia kallos 31 5 2 21 0.0805 0.498 
Star Control 80 Briareum asbestinum 28 6 2 15 0.0575 0.556 
Star Control 80 Eunicea tourneforti 28 6 2 19 0.0728 0.628 
Star Control 80 Antillogorgia acerosa 27 8 2 12 0.0460 0.674 
Star Control 80 Muriceopsis flavida 23 9 2 7 0.0268 0.701 
Star Control 80 Plexaurella fusifera 22 10 2 4 0.0153 0.716 
Star Control 80 Eunicea calyculata 21 11 2 4 0.0153 0.732 
Star Control 80 Antillogorgia americana 20 12 2 25 0.0958 0.828 
Star Control 80 Pseudoplexaura crucis 17 13 2 22 0.0843 0.912 
Star Control 80 Plexaurella grisea 14 14 2 3 0.0115 0.923 
Star Control 80 Pseudoplexaura wagenaari 14 14 2 3 0.0115 0.935 
Star Control 80 Muricea atlantica 13 16 2 9 0.0345 0.969 
Star Control 80 Pseudoplexaura flagellosa 12 17 2 7 0.0268 0.996 
Star Control 80 Eunicea laciniata 8 18 2 1 0.0038 1.000 
Star Control 81 Eunicea flexuosa 35 1 2 22 0.0891 0.089 
Star Control 81 Plexaura homomalla 35 1 2 24 0.0972 0.186 
Star Control 81 Pseudoplexaura crucis 34 3 2 26 0.1053 0.291 
Star Control 81 Briareum asbestinum 33 4 2 32 0.1296 0.421 
Star Control 81 Gorgonian ventalina 33 4 2 20 0.0810 0.502 
Star Control 81 Antillogorgia americana 31 6 2 22 0.0891 0.591 
Star Control 81 Eunicea succinea 31 6 2 18 0.0729 0.664 
Star Control 81 Muriceopsis flavida 30 8 2 17 0.0688 0.733 
Star Control 81 Antillogorgia bipinnata 29 9 2 25 0.1012 0.834 
Star Control 81 Eunicea tourneforti 28 10 2 9 0.0364 0.870 
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Star Control 81 Antillogorgia kallos 24 11 2 5 0.0202 0.891 
Star Control 81 Eunicea calyculata 23 12 2 4 0.0162 0.907 
Star Control 81 Pseudoplexaura wagenaari 15 13 2 4 0.0162 0.923 
Star Control 81 Muricea atlantica 14 14 2 9 0.0364 0.960 
Star Control 81 Plexaurella grisea 14 14 2 3 0.0121 0.972 
Star Control 81 Antillogorgia acerosa 12 16 2 1 0.0040 0.976 
Star Control 81 Plexaurella fusifera 10 17 2 2 0.0081 0.984 
Star Control 81 Pseudoplexaura flagellosa 10 17 2 2 0.0081 0.992 
Star Control 81 Pseudoplexaura porosa 10 17 2 2 0.0081 1.000 
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APPENDIX B: HISTORIC REEF MAPS AND COORDINATES 
 
Figure B1. Historic site maps for A) Elkhorn, B) Schooner, C) Star, and D) Dome. 
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Figure B2. Historic site maps for A) ElkhornControl, B) Schooner Control, C) Star Control, and  
D) Dome Control. 
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APPENDIX C: GORGONIAN EXAMINATION REPORT 
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APPENDIX D: DISEASE INVENTORY 
 
Figure D1.  Representative photographs of various forms of melanization occurring in Gorgonia 
ventalina.  
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Figure D2.  Representative photographs of A) galls on Antillogorgia sp., B) sloughing tissue in 
Muriceopsis flavida, C) abrasion from Millepora, D-F) unknown conditions marked as other, G-
L) black eunicid disease. 
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Figure D3.  Representative photographs of various A-F) growth anomalies and G-L) 
overgrowths reported. 
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Figure D4.  Representative photographs of A-C) bleaching, D-F) predation, F-I) toppling, and J-
L) repair in gorgonians.  
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Table D1. Summary of disease encountered within two 2x10m stations at each site: NS= not seen; R=rare (1-3 cases); M=moderate 
(4-12 cases); F=frequent(13-25 cases); A= abundant (26-50 cases). 
 
category species 
affected
category species 
affected
category species 
affected
category species 
affected
category species 
affected
category species 
affected
Aspergillosis R Gven M Aame
Gven
M Gven
Aame
R Gven NS NS
Purple spots NS NS Gven R Gven NS NS R Etou
Growth anomalies R Esuc
Gven
M Esp
Pldic/fus
Plgri
Psfla
Pspor
R Efle
Aame
R Phom
Psfla/wag
R Pscru M Efle
Plsp
Pssp
Overgrowth M Aace
Aame
Efle
F Aame
Gven
Psfla/wag
Pspor
A Aame
Efle
Esp
Esuc
Gven
Matl/mur
Melo
Phom
Pldic/fus
Psfla/wag
M Aame
Asp
Gven
Mufla
M Aame
Etou
Gven
Pspor
M Aame
Gven
Pscru
Bleaching NS NS R Pldic R Esp R Etou NS
Predation R Asp
Gven
R Gven
Pldic
M Efle
Psfla/wag
R Emam R Pscru
Pspor
M Aame
Pspor
Black disease R Etou NS M Etou
Esp
M Etou M Etou F Etou
Other-sloughing 
tissue
F Asp
Basb
Mufla
M Basb M Aame
Basb
Gven
Mufla
Psfla
R Gven NS NS
Health Condition DOME ELKHORN 
CONTROL
ELKHORNSCHOONER 
CONTROL
SCHOONERDOME CONTROL
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APPENDIX E. SAMPLE PREPARATION GUIDE FOR BULK CARBON AND 
NITROGEN STABLE ISOTOPE ANALYSES OF GORGONIANS 
1.1 Aims of this guide 
     The protocols below are designed to provide detailed sample preparation information for 
those conducting bulk carbon and nitrogen stable isotopic analyses on gorgonians but have not 
previously done so. 
 
1.2 The Basics 
A basic understanding of a few fundamental principles is needed before you begin working 
with isotopes.  Start by reading Fry Ch. 1-3 (Fry 2006) for a general introduction into 1) what an 
isotope is, 2) how isotope values are expressed, and 3) how they are used as tracers by ecologists.  
Three key principles are highlighted below: 
Higher heavier, lower lighter.  When substrate is limited relative to demand, discrimination 
against the heavy isotope is low resulting in incorporation of the heavy isotope (aka: 
enrichment).  When substrate is not limited,  discrimination against the heavy isotope is high 
and there is less incorporation of the heavy isotope (aka: depletion).   
 
You are what you eat plus a few per mil.  Carbon and nitrogen isotope values can provide 
useful information about trophic interactions because tissues of consumers are generally 
enriched by ~ +3.0‰ per trophic level for nitrogen and ~+1‰ per trophic level for carbon. 
However, these estimates are averages and may not be suitable for all studies, so it is best to 
consult the most recent literature for species-specific estimates (McCutchan Jr et al. 2003). 
CAUTION: Trophic interpretations based solely on bulk isotope data should be made with 
caution, as source and trophic enrichments are not easily distinguishable.  To tease out source 
vs trophic, a compound specific approach may be needed. 
 
Common isotope patterns in the biosphere.  The ratios of heavy to light isotopes differ 
among specific sources in the environment, making sources traceable within an ecosystem.   
Typical values for carbon and nitrogen isotopes are listed below in Table E.1 (Peterson and 
Fry 1987; McClelland et al. 1997; Fry 2006). 
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Table E.1.  Representative stable carbon and nitrogen isotope values in natural systems (Fry 
2006). POM refers to particulate organic matter. DOM refers to dissolved organic matter. 
Nitrogen Carbon 
Atmospheric N: 0 to +1‰ Atmospheric C: -8‰ 
Sewage runoff : +10 to +25‰ POM: -22‰ 
Agricultural runoff: -3 to +3‰ DOM: -23 ‰ 
Deepwater upwelling: +4 to +6‰ Total dissolved CO2: 1‰ 
POM: -2 to +11‰ C4 plants:  -7 to -18‰ 
Groundwater only influenced by 
atmospheric deposition: +2 to +8 ‰ 
C3 plants:  -18 to -36‰ 
 
1.3 Ecological Applications 
Stable isotope analyses have a wide range of uses from medical to marine and have 
increasingly been used in ecology to explore human impacts and species interactions (Fry 2006).  
Below are some of the current ecological uses:  
Develop isoscapes (aka: isotope maps): Stable isotopes have strong spatial signals (e.g., 
inshore to offshore patterns) that can be used to create maps that can be used as a reference 
identifying ecological patterns and documenting change. 
 
Trophic interactions: Stable isotopes are often used to study trophic interactions and feeding 
habits of species and communities. Isotope studies can be a useful complement to gut-content 
analyses. 
 
Track animal migrations: Many species migrate throughout their life cycle, which often 
leads to variation in isotopic composition. Information regarding location during synthesis is 
“time-stamped” in certain tissue (those with low-turnover rates) while information regarding 
diet are recorded in other tissues (those with higher turnover rates).   
 
Identify human impacts: Stable nitrogen isotopes recorded in various organisms can be used 
as source indicators of anthropogenic stress, such as sewage and agricultural run-off (Risk et 
al. 2009). 
 
Time-series reconstruction: Annual growth bands in fish eye lenses, gorgonian skeletons, 
otoliths, and other organisms record environmental conditions at the time of formation.  These 
bands can be used to interpret past conditions and are a potential solution to lack of baseline 
data prior to the 1990s. 
 
1.4 Why use gorgonians? 
Gorgonians have been identified as powerful proxies for detecting environmental change and 
have even been called “superior” bioindicators (Baker et al. 2007; Risk et al. 2009).   However, 
gorgonians are often overlooked as study specimen due to difficulties with field identification.  
Below are several criteria that make gorgonians ideal candidates for consideration in isotopic 
studies:   
• Sessile benthic organisms  
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• They are found in nearly every habitat from deep to shallow  
• Skeletons made of ample amounts of highly durable, chemically stable protein  
• Easy to sample and not regulated except for Gorgonia ventalina 
• Have annual growth bands like trees that can be used to conduct time-series 
reconstructions of past conditions 
• Long-lived, especially the deep-water species 
 
1.5 Preliminary considerations 
1.5.1 Where to conduct your research? 
Environmental conditions (i.e., light, depth, temperature) can greatly impact biological 
processes that fractionate isotopes and can make it difficult to compare samples. So, select sites 
with comparable environmental conditions and be careful when interpretting differences between 
sites with differing conditions.  For instance, light-mediated fractionation has been documented 
in Caribbean gorgonians (Baker et al. 2011)  
1.5.2 What to collect? 
Gorgonian species vary greatly in size, shape, growth rate, reproductive strategy, nutritional 
modes, and skeletal composition (Figures E.1 and E.2).  Therefore, here are a few points to 
consider: 
Whole colony, basal section, or tips?  Non-destructive sampling is generally preferred, so 
you must first determine what portion of the colony is needed or if the whole colony is 
required.  Basal sections can be used for time-series reconstructions and tips are sufficient 
for site-based or species comparisons.  
Tissue, axis, or both?  Tissue is easier to grind than axis and has ample protein for 
analysis.  But tissue samples must be pretreated to remove inorganic C in the form of 
sclerites. 
Sample amount? The axis of some species is hair thin, while other are much thicker 
(Figure E.1).  If analyzing annual growth bands use species with a thick basal section to 
make band separation a little easier. 
What branch to clip? Mother branches and daughter branches may vary isotopically.  
When clipping multiple branches from a colony, check for intra-colony variability  
Which colonies are best to sample? Gorgonid species grow faster than plexaurid species.  
Young colonies grow faster than adult colonies, and faster growth often occurs after 
injury.   When collecting samples from different species, consider these variations in 
growth and be careful with assumptions of how much of the tip is to place in each tin 
capsule (Figure E.2).  The average annual growth of gorgonians is typically 3–5 cm 
depending on species, therefore 3–5cm is the general clip length for tip samples.   
NOTE: Moderate-sized colonies are best because growth is rapid in colonies <10cm 
and then slows as the colony reaches maximum height.  
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Figure E.1. Variation in gorgonian axis tip diameter: a) Plexaurella, b) Plexaura, c) Pterogorgia, 
and d) Antillogorgia  
Figure E.2. Variation in tip morphology among gorgonians: a-c) Plexaurella spp., d-f) Eunicea 
spp., g-h) Antillogorgia spp, and i)Pterogorgia sp. 
1.5.3 How many samples? 
Five samples is generally considered an adequate sample size for gorgonians but for species 
with low inter-colony variability, three may suffice.  
When working with museum specimens, multiple samples may not be available at species 
level, in which case it may be necessary to group specimen at a higher taxonomic level.  If so, 
keep in mind that species can vary considerably within genera, especially species that feed more 
heterotrophically.   
1.5.4 Costs 
Bulk analysis is usually <$10 U.S. per sample.  Duplicate samples are necessary to detect 
contamination, if variance of two subsamples exceeds the lab standard.  Back-up samples are 
recommended in the event something goes wrong during processing (Fry 2006).   
 
SUGGESTION: If possible, conduct a pilot study to test a small subset of samples 10–25.  If it 
works go for it.  If it doesn’t work try try again.   
1.6 Preparing your samples 
     Sample preparation is a vital step in conducting stable-isotopic analyses. Preparation starts 
with collection, and exercising caution at each step is necessary to ensure samples are not 
contaminated.  NEVER HANDLE SAMPLES WITH BARE HANDS!  Follow these seven steps 
when preparing samples:  
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Step 1. Collect, dry, and store samples  
A) While underwater place samples in zipped plastic bags.   
B) For the most recent growth, clip 3–5 cm (2 cm2 in sea fans) from the tips. 
C) For basal samples, cut a 1-inch cross-section as close to the holdfast as possible, then 
reattach the upper portion of the colony back to the base with glue. NOTE: 
Gorgonians heal quickly so this will likely not result in death of sampled colonies. 
D) Air dry or dry in a low temperature oven at 60°C overnight.  NOTE: Be careful not to 
over dry the samples because they will pull moisture from the air which introduces 
errors when weighing  samples.   
Step 2. Separation (research dependent) 
A) To separate tissue from the axis, use a dissecting scope and simply scrape the tissue 
from the axis into a small dish.  NOTE: Forceps and razor blades are helpful.  
B) To separate annual growth bands in basal cross-sections prior to homogenizing, 
manually subdivide rings using a dissecting scope, scalpel, and forceps.  NOTE: Be 
sure to label and organize.  SUGGESTION: Some studies prepared basal sections by 
hardening with plastic epoxy before cutting and polishing cross-sections (Table E.2) 
(Risk et al. 2014).   
  
Figure E.3. Photograph showing gorgonian tissue separated from the axis.  
 
 Step 3. Grind   
A) Tissue only: The tissue is easy to grind with a mortar and pestle, and provides plenty 
of material containing C and N.   
B) Axis only: The axis is more challenging.  If using a mortar and pestle for axis prep, it 
is best to dice up the axis into tiny bits and then grind with a mortar and pestle (Figure 
E.5).  NOTE: If a ball-mill grinder or cryogrinder are available, use might reduce the 
frustration and pieces of axis from flying all over the place.  
C) Combine tissue and axis: A mortar and pestle, ball-mill grinder, or cryogrinder can 
be used.  
NOTE: Samples must be as homogenous as possible to get precise results. 
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Figure E.4.  Basic mortar and pestle used for grinding samples.   
Figure E.5. Precautionary steps needed when homogenizing gorgonian axis samples. a) 
hold samples with forceps, b) cover sample before sectioning, c) cut axis in thin cross-
sections with a razor blade.   
Step 5. Weigh  
The amount of sample needed depends on the C:N ratio of the sample.  Sufficient sample 
(~ 0.6–1.0 mg ) is required to produce signal intensities within the range of the IRMS.  
Gorgonians have higher protein content in the axis than in tissue. 
A) Weigh ~ 0.6–1.0 mg into 4 x 6 tin using a precision microbalance (Figure E.6).  
NOTE: Prepare more sample than is necessary to mitigate potential problems with 
equipment or other unforeseen issues such dropping or losing a sample.   If unsure of 
sample amount needed, contact someone in the laboratory where samples will be 
analyzed.   
 Figure E.6. Photograph of digital microbalance used for accurate sample measurements. 
  
 Step 6. Pretreat (research dependent) 
If analyzing only δ15N, pretreatment by acidification may not be required (Table E.2) 
(Williams et al. 2019). However, for planning dual C and N analysis, pretreatment is 
essential.  Common treatments are listed below:  
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A) Carbonate removal 
1. Acidify with 1N HCl to remove carbonates before analyzing δ13C.   NOTE: 
Use roughly same amount of acid as carbonate mass.   
2. Place in the fume hood overnight.   
3. Add another drop of HCL, if still bubbling, repeat steps 1 and 2 until all 
carbonates have been removed and no more bubbling is observed.   
4. Then evaporate in fume hood and dry at 60oC to a constant weight.   
NOTE: When working with axis only samples, cleaning the axis with a dilute bleach 
and rinsing may be sufficient in some species. This is only appropriate for species 
that do not have calcite between the loci.  Apply a quick drop of acid on a 
homogenized sample to be sure. 
B) Tissue removal 
1. Add 2 to 3 drops of 5% hypochlorite solution (aka: Clorox, bleach) to sample 
to remove tissue from the axis.   
2. Rinse with DI water 
3. Dry overnight 
C) Lipid removal 
1. Add chloroform:methanol to remove lipids 
2. Place in fume hood for minimum of 6 hours 
3. Rinse with DI water 
4. Dry overnight 
NOTE: This has been tested by Baker et al. (2010a) and determined to have very 
little effect on C and N isotope values. However, you may want to consider for 
inter-species comparisons. For instance, Pseudoplexaura spp. have high lipid 
content, but Antillogorgia spp. have very little lipid content.   
 
Step 7. Roll and shape loading tins 
Once tins have been loaded, it is necessary that tins are rolled and shaped into a ball that 
will not get caught in the autosampler as it is injected into the elemental analyzer. Flat or 
misshaped samples can get caught in the machine.   
1. Watch this video, https://www.youtube.com/watch?v=avzAbVh4-ec , for 
proper tin folding (Figure E.7). 
2. Check samples under a microscope to ensure the tins are sealed and no holes 
are in the tin.   
Figure E.7. Proper tin folding: a) round no sharp edges and b)flat with sharp edges.  
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Step 8. Organize into trays and send them off.   
Consult with knowledgeable personnel at the processing lab for proper placement in the 
well trays.  They typically provide a sample sheet indicating which wells to leave empty, 
where to place samples, and where to place blanks.   
1. After loading the wells, place an index card (or equivalent) and rubber band 
around the tray to make sure samples stay in their wells (Figure 8).   
2. Label each tray (per your processing labs requirements) and attach sample sheet.  
3. Submit samples to the lab. 
Figure E.8. (right) Correct preparation of well tray with card and rubber band.  Incorrect 
preparation with (left)rubber band only no card and (middle) card but no rubber band 
1.7 Analyzing your samples 
Most ecologists currently use dual C and N isotope measurements made with elemental 
analyzers coupled to mass spectrometers to analyze stable isotopes in samples.  The Elemental 
Analyzer Isotope Ratio Mass Spectrometer (EA-IRMS) works as follows (This usually takes 5–
10 minutes per sample) (Figure 9).  
1. Samples are loaded 
2. Organic compounds are flash combusted  and transformed into inorganic gases (N2, CO2) 
using oxygen and metal catalysts (tin). 
3. Following oxidation, gases are separated on a gas chromatography column and injected 
into the IRMS.  
4. Once in the mass spec, gases are ionized and accelerated in a tube where a magnetic field 
separates them based on their mass.  
5. The separated ions are collected in Faraday cups where the electrical current is measured 
by a computer.  
6. Results are then compared using a variety of statistical techniques to determine differences 
between sites, species, individuals, etc.  
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Figure E.9. Schematic of how EA-IRMS works.  
 
 
1.8 Interpreting results 
Fry (2006) recommends the use of neutral terminology "isotope values" rather than isotope 
signatures because “signatures” implies uniqueness and isotope values are rarely unique.  
Primary producers have isotope values that reflect δ13C and δ15N of their inorganic sources plus 
fractionation during uptake. Fractionation depends on amount of C and N available and 
physiologic processes acting during C and N assimilation.   
Stable isotope data are expressed in part per thousand (‰) deviation from international 
standards using the following equation: d X = (Rsample / R standard – 1) x 1000  
 
Where X = 13C or 15N, and R = ratio of heavy/light isotope content (13C/12C or 15N/14N). 
 
• enriched=when the ratio of heavy to light is higher than the standard  
• depleted=when the ratio of heavy to light is lower than the standard 
• zero value= no difference from the standard 
• contamination-if variance of two subsamples exceeds the lab standard 
 
“It is often confusing for beginners that the isotope values can be positive or negative, but this 
confusion starts to clear once one remembers that δ values are a difference measurement, not 
an absolute concentration measurement.  All natural samples and standards have appreciable, 
nonzero isotope concentrations. Negative δ values mean a smaller percentage of heavy isotope 
than is present in the standard, not negative amounts of isotopes.” (Fry 2006) 
 
1.9 Reporting and Quality control 
Samples must be processed with suitable standards and blanks for calibration and quality 
control.  All standards must be calibrated against international standards to ensure precision and 
accuracy.  All samples, blanks, and standards must be prepared and analyzed in an identical 
manner.  In addition, it is important to state the standards used during analyses in your methods, 
because isotope values are reported as ratios against those standards.  
Common standards used when analyzing gorgonians for δ13C and δ15N are listed below and 
referenced in Table E.2.   
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A) Primary (calibration) standards  
δ13C- VPDB (Vienna Peedee Belemnite) 
δ15N- atmospheric nitrogen (N2)  
 
B) Secondary (reference) standards-calibrated to primary standards 
NIST 8573 L-glutamic acid  
NIST  8574 L-glutamic acid 
Acetanilide standard 
Methionine 
 
C) In-house (laboratory) standards-verified against primary or secondary standards 
In-house gorgonian  
BCBG- cabbage 
 
REMEMBER: Ask! Don’t be afraid to email or call someone who has already been there and 
done that.  It will save time and frustration. 
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Table E2.  Summary of preparatory methods used in select isotopic studies conducted on shallow-water gorgonian specimen. 
Source Location Specimen 
studied 
Portion Grinding Pretreat Sample 
amount 
Standards used 
Baker et al. 
(2007) 
Florida Keys Gven tissue and axis  mortar and 
pestle; scrape 
axis with 
dental tool 
50% bleach solution for 
30min, DI rinse, air dried 
overnight 
1.0mg relative to atmospheric N  
Baker et al. 
(2010a) 
Caribbean Gfla, Gven, 
Aame, Aace, 
Abip, Asp- 
whole tip  
2x1 cm gven; 3–
5cm other 
cryogrinder 12N HCl carbonate for 
48h; lipid removal for 6h 
chloroform: methanol 
1.5mg relative to atmospheric N 
and VPDB; BCBG standard 
calibrated against IAEA 
standards 
Baker et al. 
(2010b)  
Mexico  Gven whole tip 
 2x2cm  
cryogrinder none not stated cabbage and methionine 
calibrated against IAEA 
international standards; in-
house sea fan standard  
Baker et al. 
(2011) 
Florida 
Keys; 
Mexico 
Gven, Aame tissue only  
2x2 cm Gven; 
4cm Aame 
mortar and 
pestle plus 
cryogrinder 
none not stated cabbage and methionine 
calibrated against IAEA 
international standards; in-
house sea fan standard  
Baker et al. 
(2013)  
Mexico Gven  tissue only  
2x2 cm 
mortar and 
pestle 
6N HCL  0.6mg  acetanilide standard and in- 
house gorgonian standard 
Baker et al. 
(2017) 
Bermuda Gven, Ppor, 
Aame 
whole tip mortar and 
pestle 
6N HCL, evaporated in 
fume hood and dried at 
80°C overnight 
not stated acetanilide standard  
Risk et al. 
(2014) 
Cuba Phom basal section and 
tips 
micro-milled plastic epoxy  10mg not stated 
Sherwood et 
al. (2010) 
Southeast 
Florida 
Bahamas 
4 genera pooled  
Eunicea, 
Plexuara, 
Pseudoplex, 
Antillogorgia 
tips upper 5mm 
and base 
axis only;  tissue 
and skeleton 
separated 
not stated 1M HCl for up to 5h; 
triple rinsed in DI water 
and dried at 60°C 
overnight;  samples were 
not acid treated if only N 
not stated relative to atmospheric N 
and VPDB 
Ward-Paige 
et al. (2005) 
Florida Keys 
Mexico 
Belize 
Phom, Efle  basal sections not stated 5% HCl solution not stated not stated 
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APPENDIX F: CLAHE RGB MATLAB SCRIPT 
 
function results = CLAHERGB(I) 
%Image Processing Function 
% 
% IM      - Input image. 
% RESULTS - A scalar structure with the processing results. 
%-------------------------------------------------------------------------- 
% Auto-generated by imageBatchProcessor App.  
% 
% When used by the App, this function will be called for every input image 
% file automatically. IM contains the input image as a matrix. RESULTS is a 
% scalar structure containing the results of this processing function. 
%-------------------------------------------------------------------------- 
% Replace the sample below with your code---------------------------------- 
if (size(I, 3) ~= 3) 
    error('Input image must be RGB.') 
end 
format long 
 
% Calculate the min, max, mean, median, and standard deviation 
r=(I(:,:,1)); 
g=(I(:,:,2)); 
b=(I(:,:,3)); 
 
% Apply histogram equalization to each of the RGB components 
r_img=histeq(r); 
g_img=histeq(g); 
b_img=histeq(b); 
  
% CLAHE 
clahe_r = adapthisteq(r_img,'NumTiles',[20,20],'Cliplimit',0.005,... 
    'Distribution','rayleigh'); 
clahe_g = adapthisteq(g_img,'NumTiles',[20,20],'Cliplimit',0.005,... 
    'Distribution','rayleigh'); 
clahe_b = adapthisteq(b_img,'NumTiles',[20,20],'Cliplimit',0.005,... 
    'Distribution','rayleigh'); 
  
% Return the RGB components to a single 3 dimensional array 
out_img=cat(3,clahe_r,clahe_g,clahe_b); 
 imshow(out_img)  
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% Save image 
out_img_name=strcat('rgb_clahe_','1.tif'); 
imwrite(out_img,out_img_name); 
 
results.clahe_r = clahe_r; 
results.clahe_r = clahe_g; 
results.clahe_r = clahe_b; 
results.out_img = out_img; 
%-------------------------------------------------------------------------- 
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APPENDIX G: OTHER SFM APPLICATIONS 
Figure G1. Orthosmosaics constructed before and after Hurricane Irma in 2017 at Dome patch 
reef in Biscayne National Park, FL.
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Figure G2. 3D structural complexity model of Porter Patch in the Florida Keys:  a) top-view b) side-view c) digital elevation model. 
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Figure G3 Potential use of gorgonians in orthoimagery as indicators of net flow: red lines mark positions of planar gorgonians with 
perpendicular blue arrows marking expected net flow (Wainwright and Dillon 1969).  
